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Abstract 
 
Campylobacter jejuni is one of the three most common bacterial causes of food-
borne illnesses in humans. Many efforts worldwide have been made to prevent or reduce 
contamination of C. jejuni in food chain. In this research, molecular typing method has 
been developed to provide the effective tool for investigation of source of contamination. 
Additionally, the prevention of bacterial persistence is also crucial to minimize C. jejuni in 
the food production. The biocide adaptation is considered as one of the concerns in 
increasing persistence of bacteria. Thus, the effect of biocide adaptation of C. jejuni on 
biofilm formation, cross-resistance to clinical antibiotics, the development of tolerance to 
environmental stresses in food processing, and changes in gene expression have been 
investigated. 
 In chapter 2, multiple-locus variable number tandem repeat analysis (MLVA) 
coupled with capillary electrophoresis was developed and compared the method efficiency 
with that of multilocus sequencing typing (MLST). Seven variable number tandem repeat 
loci were selected and used for characterizing 60 isolates of C. jejuni from various sources. 
MLVA (diversity index of 0.97, 31 MLVA types) provided slightly higher discrimination 
than MLST (diversity index of 0.95, 25 MLST types). The overall concordance between 
MLVA and MLST was estimated at 63% by adjusted Rand coefficient. MLVA predicted 
MLST type better than MLST predicted MLVA type, as reflected by Wallace coefficient.  
In chapter 3, the emergence of C. jejuni that are tolerant to biocides and developed 
the biofilms, coupled with the potential for clinical resistance to antibiotics, were 
investigated. C. jejuni was grown to increasing sublethal concentrations of trisodium 
phosphate (TSP), acetic acid (AC), sodium hypochlorite (SH) and two commercial 
biocides (Biocide 1 and 2). The adapted C. jejuni exhibited the increase in the minimum 
inhibitory concentrations of the biocides. The three-dimensional structures of biofilms 
v 
were observed and quantified by atomic force microscope. The results revealed a marked 
variability of biofilm architectures of the adapted cells. Adaptations to biocides could 
enhance biofilm formation with a significant increase in biovolume, surface coverage, and 
roughness, as well as surface-adhesion force of the biofilm. Biocide 2 caused the adapted 
cells became resistant to kanamycin and streptomycin (aminoglycoside family), while 
other four biocides caused intermediate susceptible to kanamycin.  
In chapter 4, the biocide-adapted C. jejuni was examined for the cross-protection 
to heat and nutrient starvation stresses, as well as and the molecular mechanisms 
underlying the tolerance. Adaptation to biocides significantly increased the sensitivity of C. 
jejuni to heat stress. The lowest D-value was found in AC-adapted cell, followed by TSP-
adapted cell. In contrast to heat stress, adaptation to biocides substantially increased the 
tolerance of C. jejuni to starvation, with AC-adapted cell becoming the most tolerant. The 
D-value of AC-adapted cell was 7-fold greater than that of non-adapted cell. After 
exposure to the stresses, the changes in gene expression of TSP-adapted and non-adapted C. 
jejuni examined by RNA next-generation sequencing were agreeable with the results of 
their ability to survive in each stress. The down-regulation of most significantly expressed 
genes was observed in TSP-adapted cells exposed to heat. The up-regulation of genes, 
including genes relating to numerous virulence factors and stress responses, was found in 
the starved TSP-adapted cells. 
In conclusion, overall data obtained from this research will provide a useful tool 
and crucial information on the designation of decontamination procedures to obtain 
effective reduction of C. jejuni. Moreover, understanding of bacterial adaptation to 
biocides, which may create a potential risk factor for persistent contamination, should 
create consciousness on the appropriate use of biocides in food factory. 
 	  
vi 
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Chapter 1 
 
General introduction 
 
Campylobacter infection is one of the most commonly identified bacterial causes 
of acute gastroenteritis in humans worldwide (Coker et al., 2002). Food-borne 
campylobacteriosis is the third most common food-borne disease and accounts for 9% of a 
total of 9.4 million cases of food-borne illness in the USA in 2010 (Scallan et al., 2011). In 
Japan, Campylobacter is also one of the three main causes of food-borne diseases, with the 
estimated number of cases being around 1.5 million persons per year (Infectious Disease 
Surveillance Center, 2010). Usual symptoms of the infection are fever, diarrhea, and 
abdominal cramps. Although infection with Campylobacter is not usually fatal, the number 
of  the reported cases of campylobacteriosis often exceed those of infections caused by the 
Salmonella species or Escherichia coli (WHO, 2012). Poultry products are often 
contaminated with Campylobacter and most of infections are often found to be associated 
with the mishandling of raw poultry, or eating raw or undercooked poultry meat (Batz et al., 
2012; Suzuki and Yamamoto, 2009). 
Campylobacter jejuni is the predominant species among other Campylobacter 
species, which associated with the diseases and found in commercial poultry industry 
(Avrain et al., 2003, Saenz et al., 2000). Thus, reduction of C. jejuni contamination on 
poultry meat is crucial for reducing incidence of Campylobacter infection in humans. The 
main route for C. jejuni transmission in both poultry farms and poultry processing factories 
is by horizontal transmission (Atanassova and Ring, 1999). Horizontal transmission can 
occur by direct or indirect contact with the reservoir of the organism via the environment of 
the farm or the processing factory. High levels of microbial contamination can be isolated 
from the crates, processing equipment, and other environment of the processing plant 
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(Berrang et al., 2000; Franchin et al., 2007: Slader et al., 2002). Thus, powerful tools are 
needed to find the transmission route and the real source of product contamination. Recent 
studies have been greatly facilitated by the use of molecular-typing methods with high 
discriminatory power, including multiple-locus variable-number tandem-repeat analysis 
(MLVA) (Harth-Chu et al., 2009; Miya et al., 2008; Sobral et al., 2012). The method has 
been proven as an effective molecular-typing method for many important foodborne 
pathogens; however, to date, there are no reports describing the application of MLVA for 
the subtyping of C. jejuni. MLVA is easy to perform at low costs, offering rapid typing with 
high discriminatory power and moderate expertise required. MLVA is also appropriate for a 
large numbers of isolates and use in the laboratory for microbiological analysis in food 
factories. The development of molecular typing method would provide crucial information 
for the implementation of the strategies for contamination elimination on the correct 
contamination source. 
To eliminating C. jejuni colonization in the poultry production, not only the 
elimination of its potential source of contamination, but also the prevention of its 
persistence is important. One of the most common methods for controlling and preventing 
the spread of contamination is disinfection by the use of biocides. However, improper use of 
biocides could lead to selective pressure and occurrence of biocide-adapted bacteria (Capita 
et al., 2014; Meyer and Cookson, 2010). The biocide resistance could contribute to the 
increased persistence of bacteria, since it could potentially have an impact on the bacterial 
response to biocides and enable bacteria to survive the strategies designed to counteract 
them (Sheridan et al., 2012). It is a well-established fact that biofilms provide a reservoir of 
bacteria and the protective effects of biofilm matrices create a favorable environment	  for its 
inhabitants to adapt to higher concentrations of biocides (Norouzi et al., 2010). However, 
there is hardly any information on the reverse phenomenon, i.e., the effect of biocide 
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adaptation on the potential of bacteria to form biofilms. In addition, the possible 
consequence for cross-resistance to clinical antibiotics of C. jejuni is also cause for concern 
(Capita et al., 2014; Condell et al., 2012; Glibert and McBain, 2003), and should be 
highlighted if the biocide-adapted pathogen contaminates into food products and causes 
resistant to antibiotics commonly used in the treatment for its infection.  
Besides the biofilms of biocide-adapted cells and cross-resistance to clinical 
antibiotics, the influence of biocide adaptation on the ability of bacteria to tolerate or 
survive food processing-related stresses, such as heat, has also gained attention 
(Balamurugan et al., 2004; Taormina et al., 2001). Increased resistance of Listeria 
monocytogenes to heating at 56oC is demonstrated following exposure of cells to ethanol, 
acid and H2O2 (Lou et al., 1996). Adaptation of Salmonella or Escherichia coli to trisodium 
phosphate or alkaline solutions is accompanied by induced thermotolerance (at 55oC), 
increased resistance to bile salts and to high pH (Balamurugan et al., 2004; Flahaut et al., 
1997). It has been shown that C. jejuni can induce an adaptive tolerance response after 
aerobic stress and heat shock (Gaynor et al., 2005; Mihaljevic et al., 2007). But study on 
biocide-induced tolerance response and cross-protection in C. jejuni to heat and nutrient 
starvation conditions is lacking. Such a study would provide crucial information from a food 
safety as well as clinical point of view if the biocide adaptation supports the pathogen to 
survive adverse conditions such as high temperature of bacterial reduction measures or 
nutrient starvation during storage of the product, and allows the persistent pathogen on the 
food products and/or processing areas. 
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1.1 Purposes of the research 
- To develop MLVA subtyping scheme for C. jejuni and compare the efficiency of 
developed MLVA technique with multilocus sequence typing (MLST), the current 
molecular technique for the subtyping of C. jejuni. 
- To investigate the effects of adaptation to biocides used in food industry on the C. 
jejuni biofilm and their cross-resistance to clinical antibiotic compounds. 
- To examine the effects of adaptation to biocides on cross-protection of C. jejuni to 
other food-processing environmental stresses (heat and nutrient starvation) and the 
molecular mechanisms underlying the tolerance. 
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1.2 Literature review 
1.2.1 Campylobacter 
History and Taxonomy 
Campylobacter spp. was classified as Vibrio spp. until 1973. This was because 
Campylobacter spp. was not thought to be a cause of diarrhoea in humans until 1957. Vibrio 
fetus infection caused abortion in sheep and cattle. Later, it was classified as Campylobacter 
fetus. In 1947, V. fetus caused an abortion in a woman, and during the next three decades, 
the organism was believed to be a rare, opportunistic, invasive pathogen. By mid-to-late 
1980s, Campylobacter spp. was determined as one of the most common causes of human 
gastrointestinal diseases (Allos, 2001). 
Campylobacter belongs to the family Campylobacteraceae. The family 
Campylobacteraceae includes the genera Campylobacter, Arcobacter, Sulfurospirillum, and 
the generically misclassified Bacteroides ureolyticus (Allos, 2001). Campylobacter consists 
of 19 species with a further 8 subspecies (CDC, 2010). The species and the subspecies are 
shown in the Table 1.1.  
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Table 1.1 The 19 species of Campylobacter and its subspecies and biovar 
Genus Species Subspecies Biovar 
Campylobacter canadensis   
Campylobacter coli   
Campylobacter concisus   
Campylobacter cryaerophila   
Campylobacter curvus   
Campylobacter fetus fetus  
  venerealis  
Campylobacter gracilis   
Campylobacter helveticus   
Campylobacter hominis   
Campylobacter hyointestinalis hyointestinalis  
  lawsonii  
Campylobacter insulaenigrae   
Campylobacter jejuni doylei  
  jejuni  
Campylobacter lanienae   
Campylobacter lari   
Campylobacter mucosalis   
Campylobacter rectus   
Campylobacter showae   
Campylobacter sputorum bubulus 	  
  sputorum 	  
   fecalis 
Campylobacter upsaliensis   
 
Campylobacter usually exist as commensals or parasites in human or domestic 
animals (Nachamkin et al., 2008). The most commonly isolated species from human and 
animal diarrheal specimens are C. jejuni subsp. jejuni, C. jejuni subsp. doylei, C. coli, C. 
lari, C. upsaliensis and C. helveticus, respectively (On, 2001). In the case of human 
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Campylobacter infections, C. jejuni and its subspecies are responsible for approximately 
90% of the cases of campylobacteriosis (Frost et al., 1999). 
 
Morphological and biochemical characteristics 
C. jejuni is a Gram-negative, non-spore forming; slender spirally curved rod 
bacterium that is approximately 0.2 to 0.8 µm wide and about 0.5 to 5µm long (Nachamkin 
et al., 2008). Although normally a curved-rod shape, Aged cells of Campylobacter or cells 
that are subjected to stress or deleterious conditions usually appear as spherical or coccoid 
bodies (Fitzgerald et al., 2008; Debruyne et al., 2008) (Figure 1.1). Most of the cells have a 
single polar flagellum at one or both end of the cells. This flagellum gives the 
Campylobacter the characteristic screw-like motion. However, some of the species are 
either non-motile (Campylobacter gracilis) or have multiple flagella (Campylobacter 
showae). 
 
 
 
Figure 1.1 C. jejuni spiral (A) and coccoid (B) forms  
under transmission electron microscopy (Lázaro et al., 1999) 
	   8 
Most of the Campylobacter require a microaerophilic atmosphere for optimal 
growth and have a respiratory and chemoorganotrophic type of metabolism. The optimal 
atmosphere for cultivation of C. jejuni contains 5-10% oxygen and 1-10% carbon dioxide 
(Bolton and Coates, 1983). C. jejuni has a range of growth temperatures, between 30oC and 
45oC, with an optimal growth temperature of 42oC (Park, 2002). C. jejuni is still able to 
survive outside the optimum temperature even at low temperature as low as 4°C (Cole et al., 
2004; Tuncer and Sireli, 2008). Campylobacter neither ferment nor oxidize carbohydrates; 
instead, they obtain energy from amino acids, or tri-carboxylic acid cycle intermediates 
(Vandamme, 2000). Therefore, nutrient-rich media are often used for culturing 
Campylobacter. Most species cannot hydrolyse hippurate, except for C. jejuni. Therefore, 
hippurate hydrolysis has become the most widely used biochemical test to identify C. jejuni 
and differentiate it from other species (Vandamme and Goossens, 1992; Rossi et al., 2009). 
 
Clinical significance of Campylobacter infections 
Campylobacter spp. is one of the most important enteric bacterial pathogens of 
humans in developed countries, since they caused more cases of food-borne gastroenteritis 
each year than any other bacterial pathogens (Silva et al., 2011). Although there are a 
number of species in the genus, such as C. jejuni, C. coli, C. upsaliensis, C. lari and C. 
fetus, that are able to cause human campylobacteriosis, the 90% of human 
campylobacteriosis cases in developed countries are attributed primarily to C. jejuni 
(Sheppard et al., 2009). C. jejuni is further divided into two subspecies. C. jejuni subsp. 
doylei and C. jejuni subsp. jejuni. The pathogenic role of C. jejuni subsp. jejuni is usually 
associated with gastroenteritis in human; however, the pathogenic role of C. jejuni subsp. 
doylei is unknown (Nachamkin et al., 2008).  
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Campylobacter infections can be initiated by the consumption of as few as 500 
bacterial cells. The average incubation period of campylobacteriosis is longer than for most 
other intestinal bacterial infections. The mean incubation period of campylobacteriosis is 
3.2 days and the range can be from one to eight days (Butzler, 2004; Blaser and Engberg, 
2008). The range of severity of a Campylobacter infection is variable from asymptomatic to 
severe. The majority of Campylobacter infections are confined to local acute gastroenteritis 
characterized by nausea, abdominal cramps, diarrhoea and fatigue.  
The symptoms of campylobacteriosis in developed countries are usually more 
severe than in developing countries (Oberhelman and Taylor, 2000). In developed countries, 
the typical clinical features of Campylobacter infection are acute gastroenteritis with 
diarrhoea, fever and abdominal cramps (Allos, 2001). The acute gastroenteritis normally 
lasts 2-3 days, but it may persist for one week or longer. In developing countries, the 
common symptom of campylobacteriosis is a milder form of gastroenteritis, which is 
characterized by watery, non-bloody, non-inflammatory diarrhoea. Since people in 
developing countries have earlier exposure to Campylobacter that results in higher 
Campylobacter-specific antibody levels, the clinical symptoms of campylobacteriosis in 
developing countries are less severe and asymptomatic infections are common (Padungton 
and Kaneene, 2003). 
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Source of Campylobacter 
Despite very specific growth requirements, C. jejuni is widespread in the 
environment. C. jejuni is a commensal organism found in wide range of hosts such as 
poultry, cattle, pigs, and sheep (Inglis et al., 2004, Manning et al., 2003, Sasaki et al., 
2003). The most common hosts of C. jejuni are poultry. It is believed that the higher body 
temperature of avian species provides optimum growing conditions for this pathogen. C. 
jejuni has been isolated from the intestinal tract, primarily in the lower gastrointestinal tract, 
and in excreted faeces (Beery et al., 1988).  
There are many potential transmission routes leading to Campylobacter infections 
in humans. The main three routes are ingestion of contaminated food, direct contact with 
pets or other animals, and drinking contaminated milk and water (Young et al., 2007). An 
overview of possible sources and transmission routes of C. jejuni is illustrated in Figure 1.2. 
 
 
 
 
Figure 1.2 Possible sources of C. jejuni contamination (Young et al., 2007) 
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In the 1990s and early 2000s with more epidemiological studies, the strong 
correlation between the consumption of chicken meat and Campylobacter infections was 
revealed (Corry and Atabay, 2001; Nadeau et al., 2002). Now, it is generally accepted that 
ingestion of undercooked meat, especially poultry and poultry products, is the main source 
of campylobacteriosis in humans (Kwan et al., 2008). Although Campylobacter infection is 
one of the most common food-borne illnesses, outbreaks of Campylobacter infections are 
infrequent (Friedman, 2000). The majority of human campylobacteriosis cases are sporadic. 
While the majority of sporadic cases of campylobacteriosis are related to ingestion of 
undercooked meat, most of the reported outbreaks have been associated with contaminated 
water (Jacobs-Reitsma, 2000). 
 
Transmission of Campylobacter in the poultry industry 
The main route for Campylobacter transmission in the broiler farms is by 
horizontal transmission. Although vertical transmission is possible, it is being debated at 
present (Atanassova and Ring, 1999). The horizontal transmission can occur at the poultry 
farm and the poultry processing plant. 
Transmission in the poultry farm 
- General environment: Poultry flocks can reach 30,000 to 45,000 birds per shed. If 
there are a few infected birds present in the shed, within a week the whole flock might be 
colonized with C. jejuni (Evans and Sayers, 2000). There are several different strains of C. 
jejuni that found in the environment surrounding the broiler farm and they have similar 
genotypes as C. jejuni strains isolated from infected humans (Bull et al., 2006; Fitzgerald et 
al., 2001). C. jejuni can be introduced into the shed by various carriers such as rodents, 
birds and other animals, and also by human activities (Gregory et al., 1997). 
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- Air: C. jejuni has been isolated from the air in the shed as well as the air exiting 
the shed (Berndtson et al., 1996, Bull et al., 2006). C. jejuni can be spread from one shed to 
another during cleaning, as C. jejuni may be mixed with the dust particles, and travel to a 
new shed. However, there is assumption that C. jejuni cannot survive long in the air due to 
the dehydrating nature of the air (Newell and Fearnley, 2003). The relative humidity in the 
sheds is about 70%, and it has been suggested that reduction of the relative humidity may 
reduced the contamination of C. jejuni in the sheds (Donald and Campbell, 2004; Line, 
2006). 
- Feed and litter: Fresh feed and litter does not support the growth of C. jejuni 
because of the dry condition (Newell and Fearnley, 2003). However, C. jejuni has been 
isolated from dirty feed and wet litter (Gregory et al., 1997). Heavily contaminated feeding 
pans and wet litter with feathers, litter and faecal materials, especially around the water 
pans, can be good reservoirs of C. jejuni. A dirty feeding pan might be contaminated with C. 
jejuni when in contact with infected birds. Therefore, bad management of the litter can 
cause C. jejuni contamination in the flock (Peterson and Wedderkopp, 2001). 
- Water: C. jejuni has been isolated from drinking water (Kemp et al., 2005; Newell 
and Fearnley, 2003). Water contamination usually happens after the colonization of the 
flock. The water system is an easy means of rapid spread of the infection to birds. The 
contamination of the water system can occur when drinking water is in contact with the 
infected birds (Evans and Sayers, 2000). 
- Pests: Cross-contamination with C. jejuni between pests and broilers can happen. 
The environment surrounding the broiler farm is a cocktail of microorganisms due to spilled 
feedstuff, waste, and effluent. C. jejuni can be isolated from the excreted faeces of rodents 
especially the intestines of mice that are found near the broiler farm. However, this poses a 
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low risk of transmission to the environmentally controlled housing system, as the whole 
shed is covered and is built with pest-proof materials (Newell and Fearnley, 2003). 
- Insects: Insects such as flies, darkling beetles, and cockroaches are proven carriers 
of C. jejuni (Bates et al., 2004; Skov et al., 2004). The insects might become Campylobacter 
carriers due to cross-contamination with other sources such as faecal droppings, and C. 
jejuni may survive on or within the carriers for few days (Gregory et al., 1997). Flies can 
also transmit C. jejuni when there is a reservoir of C. jejuni such as contaminated waste 
located near the shed (Peterson and Wedderkopp, 2001). 
- Human activities: Human activity contributes to the horizontal transmission of C. 
jejuni (Evans and Sayers, 2000). C. jejuni can potentially be carried into the house from the 
external environment via boots, external clothes and equipment. The boots of farm staff are 
usually contaminated with C. jejuni when the flock has been infected (Newell and Fearnley, 
2003).  
The first birds in the flock to be colonized are often the closest to the doors that are 
used by the farm staff. Furthermore, dirty equipment may be contaminated with C. jejuni. 
All the equipment brought into the sheds need to be cleaned and disinfected (Newell and 
Fearnley, 2003). 
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Transmission in the poultry processing plant 
C. jejuni contamination can occur while holding and during processing of live birds 
in the processing plant, and cause cross-contamination of the final poultry products (Jeffrey 
et al., 2001). 
- Transporting and holdings: High levels of microbial contamination have been 
isolated from the crates used to transport the birds. C. jejuni have been detected in the 
organic matter on the crates, even though the crates have been washed. The faecal droppings 
from the infected birds can contaminate the crates as well as the non-infected birds during 
transport and holding. The crates are usually stacked on top of each other; thus, droppings 
from infected birds at the top crate may infect the birds in the lower crates (Slader et al., 
2002). 
- Scalding: Many microorganisms can contaminate into the scalding water, since C. 
jejuni are often found on the feathers and skins of the birds (Cardinale et al., 2005). The 
contamination may also be due to the contaminated hands of workers, which already 
contaminated from a previously infected flock (Slader et al., 2002). 
- Defeathering: The defeathering process creates an aqueous aerosol of bacteria, 
which may disperse onto other carcasses, and contaminate the equipment (Allen et al., 
2003; Arnold, 2007). Worn-out rubber picker fingers could provide favourable growth 
condition to bacteria. Although, the scalding process (58°C, 70 s) could decrease C. jejuni 
level, the carcasses can be re-contaminated at the defeathering. The rubber picker fingers of 
the defeathering machine are often contaminated with dirty feathers or faeces, which leak 
from the bird intestines (Ono and Yamamoto, 1999). 
- Evisceration: High prevalence of C. jejuni is often observed in the environment 
surrounding the evisceration machines or nearby areas. The intestinal tract of poultry is a 
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good reservoir of C. jejuni as it is commensal in poultry (Newell and Fearnley, 2003). This 
suggests that evisceration, a process which is removal of the birds’ internal organs and the 
rupture of bird`s intestinal tract can occur, may be one of the main sources of contamination 
in poultry processing (Ono and Yamamoto, 1999).  
- Chilling: The decreased level of C. jejuni on the carcass could be observed after 
chilling process, since C. jejuni are washed off by the chilling water. However, the chilling 
tank can be a source of cross-contamination as well, if the chilling water has insufficient 
free chlorine content and is not frequently changed (Franchin et al., 2007).  
- Packing: C. jejuni has been isolated from the tables and convey belt of metal 
detector machine in the packing area (Franchin et al., 2007). Because of clean and dry 
appearance of the packing area, these surfaces are often ignored from cleaning and 
sanitizing. The contaminated hands of workers and personal hygiene problem often cause 
cross-contamination in this area. 
 
Biofilm of Campylobacter jejuni in the poultry industry 
Although C. jejuni is a fastidious food pathogen and requires complex conditions to 
survive outside the host. C. jejuni has been found to attach on a surface and form biofilm  
(Buswell et al., 1998; Reeser et al., 2007).	  Biofilms are an assemblage of microbial cells that 
are irreversibly associated with a surface and are enclosed in a matrix of primarily 
polysaccharide materials (Donlan, 2002). Biofilms may contain non-cellular materials such 
as mineral crystal, corrosion materials, and clay or silt particles from the surrounding 
environment. Biofilm has been found on non-metallic surfaces such as rubber fingers, 
plastic, and conveyor belts, as well as in metallic surfaces such as stainless steel in poultry 
processing plant (Arnold and Silvers, 2000; Sanders et al., 2007). Biofilms can be a problem 
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to the poultry industry, since	   the biofilms harbor the microbial populations and act as the 
important source of cross-contamination into the food products (Wilks et al., 2006). 
Biofilms may provide the ideal niche for C. jejuni survival in the biofilm, as there 
are microenvironments in the biofilm that provide ideal safe conditions for C. jejuni (Fux et 
al., 2005). Studies have shown that C. jejuni can survive in unfavourable conditions such as 
low level of nutrient and increased oxygenation when integrated with biofilm (Nachamkin et 
al., 2008). This may be due to the matrix of extracellular polymeric substance (EPS) of 
biofilm protecting the bacteria from the harsh environment. This protection extends to 
antimicrobial agents, for instance during sanitizing, since antimicrobial agents may fail to 
penetrate the biofilm (Trachoo et al., 2002). In addition, the exopolysaccharides in biofilms 
can interact with antimicrobial agents and defend the cells by effectively reducing the 
concentration of the agents (Fux et al., 2005, Sutherland, 2001). 
C. jejuni has the ability of form biofilm to various degrees with respect to 
osmolarity, nutritional supply and cell density (Joshua et al., 2006). The initial stage for 
biofilm development of C. jejuni is cell attachment by their flagella. In addition, the flagella 
of C. jejuni are also useful in the development and maturation of biofilm (Reeser et al., 
2007).  
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1.2.2 Molecular typing methods in this research 
 
Multilocus sequence typing (MLST) 
Multilocus sequence typing (MLST) is one of the most extensively used 
molecular typing methods for Campylobacter spp. (Miller et al., 2012; Sopwith et al., 
2010). The first Campylobacter MLST scheme was developed for C. jejuni and C. coli. The 
scheme requires the sequencing of short DNA fragments within seven housekeeping genes. 
Sequenced PCR products for each of the loci (asp, glnA, gltA, glyA, pgm, uncA, tkt) 
(Figure 1.3) are assigned an allele number based on a complete match to an allele in the 
global PubMLST database. The array of seven allele numbers is then assigned a sequence 
type (ST) according to the database. Sequence types that share four or more alleles belong 
to the same clonal complex (CC) or lineage (Dingle et al., 2001). 
 
 
Figure 1.3 Chromosomal locations of MLST loci. The positions of the seven loci are shown 
on a map of the C. jejuni chromosome from the genome sequence  
of isolate NCTC 11168 (Dingle et al., 2001) 
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chromosome 
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MLST targets seven relatively stable house- keeping genes that show sufficient 
diversity to provide a high level of discriminatory power. MLST is highly discriminatory 
compared to phenotypic methods such as serotyping and more portable and reproducible 
than other subtyping methods such as pulsed-field gel electrophoresis (PFGE). In the 
present, over 6500 STs have been identified within the pubMLST database, with over 700 
new STs assigned. Many STs are represented in the database, demonstrating the extensive 
genetic diversity of C. jejuni and C. coli (Taboada et al., 2013). MLST has been valuable in 
identifying major sources of human disease and is an important tool in both long and short 
term epidemiological studies (Dingle et al., 2008). 
One of the most frequent uses of MLST has been to describe the dynamics of C. 
jejuni populations in various geographical regions or in particular hosts over time (Taboada 
et al., 2012). In the short-term epidemiological investigations, such as in the case of 
outbreaks, the occurrence of epidemic strains with common sequence types may require the 
use of a second subtyping method to provide additional discrimination of outbreak versus 
epidemiologically- unrelated strains (Clark et al., 2005). Variable regions within flaA, flaB, 
and/or porA genes have been used to allow further discrimination between matching STs. 
The PubMLST database has an extended MLST (eMLST) that incorporates these additional 
genes into a 10 loci eMLST scheme shown to be highly discriminatory and applicable for 
the use in long-term investigations and short- term epidemiology (Dingle et al., 2008). 
An ongoing challenge with MLST has been the high cost and time consuming 
nature of analysis, as evidenced by allele determination (Korczak et al., 2009; Lévesque et 
al., 2011). Similarly, although eMLST schemes with enhanced resolution have been 
described (Dingle et al., 2008), the increased number of loci required has limited their 
acceptance. 
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Multiple-locus variable-number tandem-repeat analysis (MLVA) 
Multiple-locus variable-number tandem-repeat analysis (MLVA) is a molecular 
subtyping method that utilizes the naturally occurring variation in the number of repeating 
DNA sequences found in different loci in the genome of the bacteria, which is known as 
VNTRs (Noller et al., 2003). VNTRs are short segments of DNA that have variable copy 
numbers. The principle of MLVA is based on the determination of the number of repeat 
copy units in specific VNTR loci using PCR amplification. PCR products are subsequently 
separated on an agarose gel or a capillary electrophoresis or an automated capillary DNA 
sequencer. The variation in repeat copy number at each particular locus attributes to 
differences in the PCR-product size. The number of tandem repeats (TR) is assessed based 
on the size of the PCR products. The MLVA profile is defined by the number of tandem 
repeats of the VNTR loci. Each unique MLVA profile coded by a multidigit is assigned a 
MLVA type number. 
The variation in copy number is thought to arise through DNA polymerase 
slippage and mispairing during DNA replication (Harth-Chu et al., 2009). Repeats can be 
inserted or deleted, depending on the strand orientation (Lovett and Feschenko, 1996). 
During the replication process, as DNA polymerase copies the template, the enzyme may 
stutter in areas where TRs are located, resulting in an increase in the number of repetitive 
sequences (Noller et al., 2006). This process is often referred to as backward replication 
slippage. If the TR region contains numerous repeats, loops will often form when the DNA 
is single stranded thereby obstructing the effective replication by DNA. This obstruction 
results in a loss of at least one repeat. However, deletion events are statistically more likely 
to occur when a mutation involves greater than 4 to 5 repeat units at a VNTR locus (Vogler 
et al., 2006).  
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Despite mutations that may occur within the TR, the unit length of TR remains 
relatively constant while the copy number varies. Moreover, a majority of VNTR loci are 
often located in protein coding regions; however, variations in repeat units have not been 
linked with biological or phenotypic effects (Vogler et al., 2006). 
The difference in copy numbers at specific loci is used to measure relatedness of 
strains in this subtyping scheme. Thus, specific loci that are unique to a particular bacterial 
strain and contain VNTR are selected as MLVA markers. Regularly, short VNTRs are 
chosen to be included in MLVA scheme for two reasons; (1) shorter VNTRs are often 
associated with an increased potential of replication slippage, which results in either the loss 
or gain of a repeat motif, (2) shorter repeats are chosen to reduce the potential overlap of 
different loci (Noller et al., 2003). 
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1.2.3 Bacterial tolerance to biocides 
Biocide tolerance in Gram-negative bacteria  
Gram-negative bacteria are generally more tolerant than Gram-positive bacteria to 
antimicrobial agents (Russell and Chopra, 1990). For a biocide agent to reach its target sites, 
it must usually be able to cross the outer cell layers. These layers act as a permeability 
barrier, thereby limiting the amount of biocide that enters a cell. The outer membrane of 
Gram-negative bacteria may be responsible for the intrinsic resistance of these 
microorganisms to many antimicrobial compounds (Nikaido and Vaara, 1985). Low 
molecular weight hydrophilic molecules readily enter Gram-negative cells via the aqueous 
porins, but hydrophobic molecules diffuse across the outer membrane bilayer (Morente et 
al., 2013). There is a plenty of supporting data in permeability changes being responsible 
for acquired biocide tolerance in Gram-negative bacteria (McDonnell and Russell, 1999), 
including changes in surface hydrophobicity, outer membrane ultrastructure (Tattawasart et 
al., 2000), outer membrane protein composition (Winder et al., 2000), and alterations in 
outer membrane fatty acid composition (Guerin-Mechin et al., 2000). 
In addition, bacteria grown under different conditions may show a wide response to 
biocides. Both nutrient limitation and reduced growth rates may alter the sensitivity of 
bacteria to biocides. Generally, bacteria within a biofilm are less sensitive to a biocide than 
planktonic cells (Carpentier and Cerf, 1993). Apart from nutrient limitation and diminished 
growth rates, another reason for this is the prevention of access of a biocide to the 
underlying cells (Mah and O'Toole, 2001). Thus, in this mechanism, the glycocalyx, a 
glycoprotein-polysaccharide covering that surrounds the cell membranes of bacteria, as well 
as the rate of growth of the biofilm microcolony are important in relation to the diffusion 
rate of biocide across the biofilm (Brown and Gilbert, 1993). 
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Biocide tolerance and antibiotic cross-tolerance 
In contrast to biocides, which affect multiple cellular components, antibiotics have 
very specific targets within the bacterial cell. However, there is the fact that many 
mechanisms of biocide tolerance can also accommodate antimicrobial compounds of 
clinical use. This phenomenon has raised concerns on the impact of the use of biocides in 
the food industry on the prevalence and spread of antimicrobial resistance in the food chain 
(Morento et al., 2013). In the case of meat products, chicken, turkey, beef, pork, and 
resulting products are major vehicles for transmission (Helms et al., 2006).  
Biocide tolerance has been detected in Staphylococcus aureus strains from both 
clinical and non-clinical sources (Bjorland et al., 2003). Methicillin-resistant S. aureus 
(MRSA) strains are a frequent problem in human infections (Gould et al., 2012) and are 
also found increasingly in foods, such strains often showing multiple-antibiotic resistance. 
The presence of staphylococci tolerant to biocides (e.g. quaternary ammonium compounds 
[QACs]) in the food chain is of concern as is the possible spread of resistance determinants 
between Staphylococcus species. This could lead to the survival, growth and spread of 
enterotoxigenic staphylococci. QAC tolerant Staphylococcus spp. (mainly coagulase-
negative strains), which hosting qacA/B and smr genes isolated from both food products and 
the processing environments, were found to be resistant to various antibiotics, 
predominantly to β-lactams (Heir et al., 1999). Bjorland et al. (2005) reported a widespread 
distribution of genes mediating efflux-based tolerance to QAC (qacA/B, smr, qacG, and 
qacJ) in staphylococci from unpasteurized milk from dairy cattle and dairy goat. A recent 
work also indicated that coagulase-negative staphylococci from cold meals, environmental 
swabs and workers' hands from food service settings were found to be tolerant to 
benzalkonium chloride (Marino et al., 2010).  
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Likewise, commonly used biocides or even preservatives could select for 
antimicrobial resistance in Listeria monocytogenes. Exposure of L. monocytogenes to 
progressively increasing concentrations of benzalkonium chloride also exhibited reduced 
susceptibility to gentamicin and kanamycin (Romanova et al., 2006). Sublethal 
concentrations of triclosan have also been implicated in the induction of resistance to 
aminoglycosides in L. monocytogenes (Christensen et al., 2011). This is alarming since 
gentamicin is a part of the common clinical treatments for listeriosis. Even though drug 
resistance has not yet threatened therapeutic interventions for listeriosis, selective pressure 
associated with exposure to antibiotics and biocides may result in reduced susceptibility to 
these agents (Rakic-Martinez et al., 2011). 
Efflux pumps and multiply antibiotic-resistant (MAR) mechanisms are common in 
Gram-negative bacteria, including species of interest in food safety. In Escherichia coli and 
Salmonella enterica serovar Typhimurium, the MAR phenotype mediates activation of 
efflux pumps and attributes an average 4 to 8-fold reduction in susceptibility to unrelated 
antibiotics such as β-lactams, chloramphenicol, fluoroquinolones and tetracyclines (Okusu 
et al., 1996; Randall et al., 2008). Furthermore, Salmonella strains exposed to chlorine or 
the preservatives sodium nitrite or sodium benzoate or acetic acid or to subinhibitory 
concentrations of decontaminants (trisodium phosphate, acidified sodium chlorite, citric 
acid, chlorine dioxide or peroxyacetic acid) were observed to exhibit a reduced 
susceptibility to various antibiotics (Potenski et al., 2003; Alonso-Hernando et al., 2009). 
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Chapter 2 
Development of multiple-locus variable-number  
tandem-repeat analysis for Campylobacter jejuni  
 
2.1 Introduction 
Strain subtyping by molecular methods provides a powerful tool for epidemiological 
investigation and tracking the source of contamination (Keeratipibul and Techaruwichit, 
2012; Keeratipibul et al., 2009). To date typing of C. jejuni strains was performed by random 
amplified polymorphic DNA analysis (Açik and Cetinkaya, 2006), amplified fragment length 
polymorphism (Hänninen et al., 2001), pulsed field gel electrophoresis (Foley et al., 2009), 
ribotyping (Hänninen et al., 2001), flaA short variable region typing (Corcoran et al., 2006), 
microarray comparative genomic hybridization (Champion et al., 2005), repetitive sequence-
based PCR fingerprinting (Patchanee et al., 2012), multilocus sequence typing (MLST) 
(Dingle et al., 2001, Müllner et al., 2010), and whole-genome sequencing (WGS) (Pendleton 
et al., 2013). One of the most commonly used methods for C. jejuni typing in current research 
is MLST, which is considered as the gold standard for the subtyping of C. jejuni. MLST of C. 
jejuni utilizes the sequence data obtained from seven housekeeping genes. The alleles from 
these housekeeping genes are assigned allele numbers based on a complete match to an allele 
in the global database, and the combination of these allele numbers makes up a sequence type 
and clonal complex.	  MLST is highly reproducible, and the data produced by this method is 
unambiguous due to an internationally standardized nomenclature. The results can be used for 
the construction of international databases that can be electronically exchanged. However, the 
major drawbacks of MLST lie in the fact that it is expensive, labor-intensive, and time-
consuming because of requirement for sequencing 7 genes. 
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The importance of identifying and eliminating the sources of C. jejuni contamination 
in order to reduce the risk of human exposure has compelled the need for rapid and reliable 
subtyping methods for C. jejuni. Multiple-locus variable number tandem repeat (VNTR) 
analysis (MLVA) is a proven and highly discriminatory subtyping method for many 
foodborne pathogens such as Salmonella (Yichun et al., 2003), E. coli O157:H7 (Lindstedt et 
al., 2004), L. monocytogenes (Miya et al., 2008), Enterobacter sakazakii (Mullane et al., 
2008), Staphylococcus aureus (Sobral et al., 2012), Francisella tularensis (Farlow et al., 
2001), Bacillus anthracis (Keim et al., 2000), and Vibrio parahaemolyticus (Harth-Chu et al., 
2009). However, to date, there are no reports that describe the application of MLVA for the 
subtyping of C. jejuni.  
The challenge in subtyping of C. jejuni using MLVA is that its genome sequence has 
a limited copy number of the TR. Most of the TR loci found by Tandem Repeat Finder 
program (version 11.0) (Benson, 1999) showed around two copies of the tandem sequence. 
These were not likely to be polymorphic and would not have provided sufficient 
discriminatory power for determining the MLVA profiles. This finding complicated the 
initial stages of MLVA profiling. However, when the MLVA profile of C. jejuni was 
ultimately developed, it worked well for the subtyping of C. jejuni in this study. MLVA 
requires significant time to develop a specific MLVA assay for each organism. However, it 
has several advantages compared to other typing methods. MLVA is easy to perform at low 
costs, offering rapid typing with high discriminatory power and moderate expertise required. 
MLVA is also appropriate to type a large numbers of isolates and use in the laboratory for 
microbiological analysis in food factories. 
This research described the development of MLVA subtyping scheme for C. jejuni 
and the application of MLVA for comparing the efficiency of MLVA and MLST techniques 
for the subtyping of C. jejuni.  
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2.2 Materials and Methods 
Bacterial isolates 
A total of 60 C. jejuni isolates were used in this study. The isolates were collected 
from chicken meat samples from retail shops and chicken meat samples and chicken cecum 
samples, as well as environmental swabs from a chicken meat processing factory. The 
chicken meat samples from retail shops were collected on different days from various retail 
shops in Japan, which were distant from each other and supplied by different suppliers. The 
isolates from a chicken meat factory were from the strain collection at Department of 
Veterinary Public Health, Chulalongkorn University. They were from a factory in Thailand 
from 2011 to 2013. The sampling date and the processed batches were specifically selected 
to ensure a diverse pool of C. jejuni isolates. In addition, C. jejuni ATCC33560 (from 
bovine feces) and JCM2013 (from diarrheic stool sample of a child) were included for strain 
diversity. Out of the 60 isolates, 10 different isolates of C. jejuni collected from 10 different 
sampling locations, including C. jejuni ATCC33560, C. jejuni JCM2013, as well as isolates 
from the chicken meat samples in retail shops were used to screen for potential VNTR loci. 
 
DNA extraction 
 C. jejuni isolates were recovered from –85 °C storage and grown on 
Campylobacter Charcoal Differential Agar (CCDA) (Oxoid, Basingstoke, Hampshire, 
England). The plates were incubated at 42 °C for 48 h under microaerophilic atmosphere 
generated by AnaeroPack-MicroAero (Mitsubishi Gas Chemical, Tokyo, Japan). Genomic 
DNA of the bacteria was extracted using a NucleoSpin Tissue kit (Takara, Otsu, Japan) as 
per the manufacturer’s instructions. Total DNA isolated was quantified using a Malcom e-
spect spectrophotometer (Malcom, Tokyo, Japan) and stored at –20 °C. 
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Identification of the TRs  
Tandem Repeat Finder program (version 11.0) (Benson, 1999) was used to identify 
the TRs in the 12 completed genome sequences of C. jejuni submitted to the GenBank 
database (accessed on 2 May 2014). More than one hundred TRs were identified, out of 
which 36 TR loci with more than two TR sequence units were selected, except for loci V11 
and V12, which had two TR units (Table 2.1). To screen for variability in the number of 
TR, PCR primers binding to both sides of the repeats were designed manually. These 
primers were used to amplify DNA from a set of 10 C. jejuni isolates of 10 diverse origins. 
Then, TR loci containing variable numbers of TR were chosen for MLVA typing. 
 
MLVA typing 
The 7 TR loci shortlisted for MLVA were amplified in the DNA isolated from the 
60 C. jejuni isolates by PCR. The PCR was performed in a total volume of 50 µL containing 
25 ng of DNA, 10х PCR buffer, 1 U of Taq DNA polymerase, 0.2 mM deoxynucleoside 
triphosphates, 10 µM each of forward and reverse primers. The PCR conditions were as 
follows: initial denaturation at 94 °C for 4 min; cycling at 94 °C for 30 sec, specific 
annealing (specific temperature for each locus mentioned in Table 2.2) for 30 sec, extension 
at 72 °C for 1 min for 35 cycles, and a final extension at 72  °C for 10 min. The 
amplification product (5 µL) was loaded onto a 1.5% agarose gel. The gel was stained with 
ethidium bromide and visualized under UV light. To analyze the variants further, the 
observed amplicons were subjected to capillary electrophoresis (CE; QIAxcel Advanced 
(QIAGEN), Tokyo, Japan) for fragment analysis. The assessed PCR product size was used 
to calculate the number of tandem repeats in each locus. The flanking regions with known 
sizes were subtracted from the PCR product size, which results in the net size of the repeat 
region. Then, the number of tandem repeats was obtained by dividing the size of repeat 
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region with the repeat unit size. Finally, the PCR products, which presented the copy 
number variants of the TR, were subsequently sequenced to ensure the accuracy of the 
number of tandem repeats.  
 
DNA sequencing of PCR products	  
 To confirm that the variations in the length of the amplicons were the result of 
copy number variation, all the PCR products obtained from the set of 10 C. jejuni used to 
screen for the variants, and the PCR products of 50 C. jejuni isolates representing the copy 
number variants of the TR (previously analyzed by CE), were sequenced using the same 
primers used to amplify the VNTRs. Sequencing reactions were performed using the 
BigDye terminator technology according to the manufacturer's instructions (Life 
Technologies). The products were analyzed using a	   3130 Genetic Analyzer (Life 
Technologies). Sequences obtained using the forward and reverse sequencing primers were 
aligned using the Genetyx software (version 11, Genetyx Corp., Tokyo, Japan). 
 
MLST typing 
 Based on the work of Dingle et al. (2001), seven housekeeping genes (aspA, 
glnA, glt, glyA, pgm, tkt, and uncA) obtained from the set of 50 C. jejuni isolates were 
amplified and sequenced. Primers for amplification and sequencing are presented in Table 
2.3. The amplification conditions were denaturation at 94°C for 2 min, primer annealing at 
50°C for 1 min, and extension at 72°C for 1 min, for 35 cycles. The PCR products were 
sequenced following the protocol described in the DNA sequencing of PCR products 
section. Finally, the alleles and the sequence types are defined on the MLST website 
(http://pubmlst.org/campylobacter/).  
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Data analysis 
Simpson’s index of diversity and the degrees of congruence between MLVA and 
MLST subtyping schemes were determined via an online tool 
(http://www.comparingpartitions.info/). A diversity index (DI) of 1.0 indicates that a typing 
method was able to distinguish each isolate of a strain from all the other isolates in the 
collection. The congruence coefficients were calculated using the adjusted Rand and 
Wallace coefficients; the adjusted Rand coefficient shows the quantitative evaluation of the 
overall congruence between two subtyping methods (Pinto et al., 2007) whereas the Wallace 
coefficient is a directional congruence indicating the probability that isolates clustered 
together by one method will also cluster together when typed by the other method (Wallace, 
1983).  
 
Nucleotide sequence accession numbers 
 The DDBJ accession numbers of C. jejuni strain NCTC11168, ICDCCJ07001, 
81116, 00-2544, 81-176, IA3902, 00-2425, RM1221, PT14, doylei 269.97, S3, and M1 are 
AL111168, CP002029, CP000814, CP006709, CP000538, CP001876, CP006729, 
CP000025, CP003871, CP000768, CP001960, and CP001900, respectively. 
 
2.3 Results and discussion 
2.3.1 Identification of VNTR loci in C. jejuni  
Since shorter repeats show a higher copy number and are more likely to be 
polymorphic (Farlow et al., 2001, Klevytska wt al., 2001), VNTR loci of less than or equal 
to 20 bp length, with copies numbers greater than or equal to 2 copies, were considered in 
this study. Using the Tandem Repeats Finder program revealed that most of the TR loci had 
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repeat units with length greater than 10 bp and a small copy numbers (around two copies). 
The small number of the repeats that were available complicated the development of the 
MLVA assay. Up to 12 genomic sequences of the C. jejuni strains were used to search for 
the variable, polymorphic TR loci. Thirty-six different TR loci were selected, and further 
tested for their polymorphism, by using a set of 10 C. jejuni strains of 10 diverse origins 
(Table 2.1). Some repeat regions that were selected were common to several C. jejuni 
strains, while some selected regions were unique to a particular strain as per the GenBank 
database. Finally, eight different TR loci (accounting for 22% of the tested TR loci) namely: 
V2, V6, V11, V13, V14, V17, V19, and V33, consistently yielded a band in the PCR and 
could be observed for some variation in the number of repeats among 9 out of 10 tested 
strains (Table 1 and 3). Failure of amplification was detected in loci V6, V11, V14, V17, 
V19, and V33 of strain S9. Four out of the eight TR loci that were selected were located in 
noncoding regions. The other four were located in coding regions. Fifteen TR loci did not 
show variation in the number of repeats. Out of these 15 loci, V4, V15, and V26 loci showed 
variation in the size of the amplified products. Eleven VNTR loci could not be amplified for 
most of the strains that were tested. Loci V12 and V21 yielded multiple bands on multiple 
trials with different primers and under different conditions; therefore, they were therefore 
excluded from further analysis.  
 
2.3.2 Variability of VNTR loci in C. jejuni strains 
Sequencing of the amplified PCR products showed that eight of the VNTR loci 
(V2, V6, V11, V13, V14, V17, V19, and V33) were polymorphic with five, two, two, five, 
two, two, two, and two different patterns in 10 C. jejuni isolates, respectively (Table 2.1). 
However, sequencing of PCR products of the locus V14 revealed that some variations in 
size of its PCR products were caused by flanking region sequences; there was the same 
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number of the TR (3 repeats) for amplicons of three different lengths e.g., 323 bp in strain 
S14, 338 bp in strain T7, and 282 bp in strain ATCC33560. Redesigning the primer pairs 
could not settle this issue. Moreover, different numbers of TR were found in two PCR 
products of the same size obtained from locus V14 (one repeat in a 288 bp amplicons in 
strain S12 and three repeats in a 282 bp amplicons in strain ATCC33560). With this 
confounding data, fragment size analysis of V14 TR locus by CE, without DNA sequencing, 
would have led to misinterpretation of the results. Therefore, V14 locus was excluded from 
MLVA analysis. Considering the need for cost and time reduction, and the accuracy of CE 
interpretation, this may allow laboratories not equipped with a DNA sequencer to perform 
the analysis, because the variation in the size of the fragment was confirmed to be the result 
of the variation of copy number of the repeats.  
Based on sequencing data, locus V19 showed zero repeats in 4 of 10 C. jejuni 
isolates that were tested, possibly due to the absence of the corresponding locus in these 
isolates. However, locus V19 was the only locus that could successfully distinguish between 
C. jejuni strain S14 and T7. The six other VNTR loci that were selected in this study failed 
in this prospect. Therefore, V19 locus was retained for further analysis by MLVA. Seven 
VNTR loci (V2, V6, V11, V13, V17, V19, and V33) finally were selected for MLVA. Ten 
different MLVA patterns (DI = 1.00) were generated based on the combinations of these loci 
that could successfully differentiate between the 10 C. jejuni isolates. 
In this research, CE was used for the accurate estimation of the size of the PCR 
products for all loci. Fragment size obtained by CE did not exactly correspond to the actual 
fragment size identified by sequencing (2 – 11 bp difference) (Table 2.4). This could be due 
to the nature of the gel matrix, the slightly biased flanking sequences, or differences in 
mobility patterns of specific repeat units. The fragment size estimated by CE always shifts 
by a constant value (Lista et al., 2006, Pasqualotto et al., 2007). However, this did not 
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interfere with the overall results, as the number of repeats interpreted by sequencing or CE 
generated the same MLVA type in each isolate.  
 
2.3.3 Stability of VNTR loci 
In order to analyze the stability of the VNTR loci, two diverse strains of C. jejuni 
(strain S6 and ATCC33560) were subcultured for 10 serial passages by streaking single 
colonies from each strain on CCDA plates. The plates were incubated from 24 to 48 h at 
42oC in a microaerophilic atmosphere. MLVA pattern results obtained from the subcultured 
isolates were identical to those obtained from the original isolates.  
 
2.3.4 MLVA analysis based on seven VNTR loci 
MLVA was used to type a collection of 60 C. jejuni isolates obtained from chicken 
meat, chicken cecum, and environmental sources. The PCR products were previously 
analyzed by CE and then the PCR products representing size variants were sequenced to 
confirm repeat copy numbers. The MLVA subtyping yielded the total of 39 MLVA types. 
Out of 39 MLVA types, 31 MLVA types (DI = 0.97) were detected in the 50 C. jejuni 
isolates used for comparing with MLST. Locus V19 showed the highest diversity index (DI 
= 0.74), with four MLVA types, followed by loci V13 (DI = 0.67, 5 MLVA types) and V2 
(DI = 0.61, 5 MLVA types). Low-diversity indices were detected in loci V11, V17, V33, 
and V6, which yielded 2 MLVA types by each of the loci and had diversity indices of 0.44, 
0.35, 0.22, and 0.13, respectively.  
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2.3.5 Comparison of MLVA and MLST subtyping 
To determine the value of MLVA for the molecular typing of C. jejuni, MLVA and 
MLST subtyping methods were compared using the results generated from 50 C. jejuni 
isolates. The results revealed that MLVA, with 7 VNTR loci, showed slightly higher 
differentiation of the C. jejuni isolates than MLST, yielding 31 MLVA types (DI = 0.97 with 
21 MLVA types of a single strain) as opposed to 25 MLST sequence types (DI = 0.95 with 
17 MLST sequence types of a single strain) (Table 2.5). The major advantages of MLVA 
over MLST are its speed, simplicity in the processing and interpretation of the data, and 
lower costs (Haguenoer et al., 2011), although the separation of the PCR products obtained 
in MLVA still requires capillary electrophoresis or an automated DNA sequencer to ensure 
accurate sizing of the PCR products. In our laboratory setting, the cost of MLVA (based on 
7 VNTR loci) with CE per isolate was about 10 times lower than that of MLST (based on 7 
housekeeping genes), while MLVA (based on 7 VNTR loci) with DNA sequencing was 
nearly the same cost as MLST (based on 7 housekeeping genes). The total analyzing time 
for MLVA with CE and DNA sequencing was about 8 to 9 hours and 18 to 19 hours per 
isolate, respectively, while	   the time for MLST was about 20 hours per isolate. The 
comparison in advantages and disadvantages of MLVA and MLST is presented in Table 2.6. 
To assess the congruence between typing methods, the adjusted Rand and Wallace 
coefficients were calculated. The overall congruence between MLVA and MLST, as 
determined by the adjusted Rand coefficient, was 63% indicating moderate to good 
correlation between the two typing methods (Carriço et al., 2006). The directional 
congruence, as estimated by Wallace coefficient going from MLVA to MLST was 86%, 
suggesting that isolates assigned to a cluster by MLVA had a high probability of being 
assigned to the same cluster when typed by MLST. However, when examined in the other 
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direction, there was a lower probability that isolates assigned to the same cluster by MLST 
(Wallace coefficient, 51%) would be assigned to the same cluster when typed by MLVA.  
Although the results of MLVA were highly congruent with results obtained by 
MLST, there were differences in strain differentiation by different typing methods. This may 
be because of differences in the markers used for MLST (using housekeeping genes) and 
MLVA (using a set of diverse regions). Unlike MLST, MLVA uses various types of markers 
such as genes involved in metabolism and genes associated with virulence (Haguenoer et al., 
2011). Among the 7 VNTR loci, four loci (V2, V13, V17, and V19) were located inside 
noncoding regions of the gene, while the other 3 loci (V6, V11, and V33) were located in 
coding regions. Locus V6 is located within ctsP gene, which encodes an ATP/GTP-binding 
protein, involved in cell proliferation, signal transduction, and protein synthesis. Locus V11 
encodes a secreted protease involved in nutritional regulation, and locus V33 encodes a 
membrane protein, which is a member of the rhomboid family proteins. 
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2.4 Conclusion 
The development of MLVA methods for C. jejuni provided additional and 
powerful tool for the development of better control and prevention strategies for this 
important foodborne pathogen. The research describes the development of MLVA method 
with seven novel VNTR loci to subtype C. jejuni. This method has slightly higher 
discriminatory power than MLST, which is a current gold-standard typing method of C. 
jejuni. The results of MLVA were congruent with results obtained by MLST, and MLVA 
predicted MLST type better than MLST predicted MLVA type. Although the MLVA 
method in this research might not replace MLST, MLVA could be used as a pre-screening 
method in epidemiology before employment of MLST for analyzing a large population of 
C. jejuni. In future, researches on additional VNTR loci and C. jejuni isolates can help to 
increase the discriminatory power of the method. 
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TABLE 2.1 Thirty-six initially selected VNTR loci found with Tandem Repeat Finder and tandem repeat information  
Locus Tandem repeat sequence 
Repeat 
unit 
length 
(bp) 
No. of 
TR in the 
reference 
strain 
No. of 
variantsa 
Coding region 
(Source: NCBI database) Postion Reference strain Comments
d 
V1 TCTATCTTTGTATTATTAAGA 21 9.4 - Hypothetical protein 1370374 - 1370570 NCTC11168 No amplified product in most of test strains 
V2b AAAGAAAAAAAT 12 5.9 5 Noncoding 44616 - 44690 NCTC11168 Variable in tandem repeat 
V3 TTTTAATAATATA 13 3.7 0 Noncoding 1091732 - 1091783  NCTC11168 Invariable in tandem repeat 
V4 AAAGTAAAG 9 3.3 2 Hypothetical protein 765323 - 765352 NCTC11168 Invariable in tandem repeate 
V5 CGATGCAAA 9 3 0 Lipoprotein thiredoxin 1588706 - 1588732 NCTC11168 Invariable in tandem repeat 
V6b ATTAAT 6 3 2 ATP/GTP-binding protein 1409281 - 1409298 NCTC11168 Variable in tandem repeat 
V7 TGAAAAAGAACTAAA 15 2.8 0 Noncoding 1326362 - 1326403 NCTC11168 Invariable in tandem repeat 
V8 TTTTTATAGTTTTTACTT 18 2.4 0 TypeI phosphodiesterase/ nucleotide pyrophosphatase 684675 - 684718 NCTC11168 Invariable in tandem repeat 
V9 GCTTTGCTTTTG 12 2.3 0 Prolipoprotein diacylglyceryl transferase 371800 - 371826 NCTC11168 Invariable in tandem repeat 
V10 TTAAATTCAAGC 12 2.1 0 Fibronectin/fibrinogen-binding protein 1281533 - 1281557 NCTC11168 Invariable in tandem repeat 
V11b TTAAACTAA 9 2 2 Secreted protease 477740 - 477748 NCTC11168 Variable in tandem repeat 
V12 AAAAAAATT 9 2 - Integral membrane protein 934077 - 934085 NCTC11168 Not tested furtherg 
V13b AAGAAAAAAAAATA 14 3.6 5 Noncoding 730103 - 730152 ICDCCJ07001c Variable in tandem repeat 
V14 TTCTATCATTTTTATCATC 18 3.1 4 Membrane protein, putative 1146381 - 1146435 ICDCCJ07001 Variable in tandem repeatf 
V15 TAAAATTCACA 11 2.4 2 Rhomboid family protein 976742 - 976767 ICDCCJ07001 Invariable in tandem repeate 
V16 TTTTTGATAAAAT 13 2.3 - Putative sugar transferase 1402318 - 1402347 ICDCCJ07001c No amplified product in all test strains 
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 TABLE 2.1 (Continued)        
Locus Tandem repeat sequence 
Repeat 
unit 
length 
(bp) 
No. of 
TR in the 
reference 
strain 
No. of 
variantsa 
Coding region 
(Source: NCBI database) Postion Reference strain Comments
d 
V17b TTTTGGGAT 9 3.4 2 Noncoding 651147 - 651177 81116 Variable in tandem repeat 
V18 AGAATTTTTACT 12 2.8 0 Hypothetical protein 164129 - 164161 81116 Invariable in tandem repeat 
V19b AAAAAATAAAAAGAAAT 17 2.7 2 Noncoding 921640 - 921686 81116 Variable in tandem repeat 
V20 ATTTTCTTTTGAT 13 2.6 - Hypothetical protein 802080 - 802111 81116 No amplified product in most of test strains 
V21 TATTTTAAAA 10 3.8 - Noncoding 271296 - 271333  00-2544 Not tested furtherf 
V22 ATTTTCTTTTGAT 13 2.6 0 Hypothetical protein 813683 - 813714 00-2544 Invariable in tandem repeat 
V23 AAAAAAAGCTAGA 13 2.5 0 Noncoding 916910 - 916940 00-2544 Invariable in tandem repeat 
V24 AAAAATTCACA 11 2.5 - Amidohydrolase 589221 - 589248 00-2544 No amplified product in all test strains 
V25 TTTTCTTTGATT 12 4.6 0 Hypothetical protein 796003 - 796057 81-176c Invariable in tandem repeat 
V26 AAAGAGTTAAAT 12 4.3 3 Hypothetical protein 71065 - 71115 81-176c Invariable in tandem repeat
e 
V27 CAATTTTAACATTAT 15 6.5 0 Putative sugar transferase 1373487 - 1373584 IA3902 Invariable in tandem repeat 
V28 CTTTTTATAAATATTAA 17 3.3 - Noncoding 245643 - 245698 IA3902 No amplified product in most of test strains 
V29 AAAATCTTGCG 11 2.7 - Sugar transferase 1454132 - 1454161 00-2425c No amplified product in all test strains 
V30 TTTTAATAATATA 13 3.7 0 Copper-translocating P-type ATPase 1212484 - 1212535 RM1221
c Invariable in tandem repeat 
V31 ATAAATAAAAAT 12 3.5 - hypothetical protein 1066708 - 1066749 RM1221c No amplified product in most of test strains 
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TABLE 2.1 (Continued) 
 
a Number of different fragment size polymorphisms detected among 10 C. jejuni isolates tested. 
b Finally chosen for MLVA typing scheme. 
c Uniquely found in that strain among 12 complete genomes of C. jejuni in GenBank database. 
d Results are summarized under the results of different fragment size polymorphisms detected among 10 C. jejuni isolates tested.  
e Found variable in PCR product size. 
f Found variable in fragment sizes of the same number of TR, resulting in 4 fragment size variants. The sequencing data revealed that this locus 
was variable with 2 different patterns of TR.   
g No appropriate primers were found. 	  
Locus Tandem repeat sequence 
Repeat 
unit 
length 
(bp) 
No. of 
TR in the 
reference 
strain 
No. of 
variantsa 
Coding region 
(Source: NCBI database) Postion Reference strain Comments
d 
V32 TAGCAACAAA 10 3.2 - Hypothetical protein 1039943 - 1039974 RM1221c No amplified product in most of test strains 
V33b TTAAAAAAA 9 3.2 2 Rhomboid family protein 934591 - 934619 PT14c Variable in tandem repeat 
V34 ATTATTTTTAA 11 6.2 - Noncoding 628827 - 628897 doylei 269.97c No amplified product in all test strains 
V35 TTTTCCTTTAAAAACAAAGCT 21 7.2 - Hypothetical protein 655672 - 655822 S3c No amplified product in most of test strains 
V36 TATAATAATTAAAAG 15 3.7 - Putative integral membrane protein 58087 - 58138 M1
c No amplified product in most of test strains 
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TABLE 2.2 Primers and annealing temperature used for MLVA 
Locus Primer Primer sequence (5'-3') Annealing temp (°C) 
V2 V2F CAT CAC TTC CTT GTT AAG 
50 
 V2R CAA TGT CCG TGA TTA TAC A 
V6 V6F GCA AGC TCA TCA AGA CTT T 
55 
 V6R CTT TCY ACC TCA TTG CTA TAA 
V11 V11F ATG YCC TAT GGT TCT ACT TAG 
55 
 V11R GCA GGC TTT GCC ACT 
V13 V13F TCA AGT AGA GTT TGT ATT AGA ACT TG 
55 
 V13R TAA CAA TGT CCG TGA TTA TAC A 
V17 V17F CTC GTA TTT ATC CGC C 
50 
 V17R TCA TCT AAC TCT TGA CGC 
V19 V19F TCC AAA AGG TTA AAA GCC T 
55 
 V19R TGA AAC GCA TTA TCT TAC TAT CTA G 
V33 V33F TCA AAC CAA GGA TAT TGT AAT AAT 
55 
  V33R CTG CTG ATA ATT TAC CAA ATG T 
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Table 2.3 Primers for amplification and sequencing used for MLST 
Locus Function 
Sequence of Dideoxyoligonucleotide primer sequence (5’-3’) Amplicon 
size (bp) Forward Reverse 
asp 
Amplification AGT ACT AAT GAT GCT TAT CC ATT TCA TCA ATT TGT TCT TTG C 899 
Sequencing CCA ACT GCA AGA TGC TGT ACC TTA ATT TGC GGT AAT ACC ATC  
gln 
Amplification TAG GAA CTT GGC ATC ATA ATA TTA CC TTG GAC GAG CTT CTA CTG GC 1,262 
Sequencing CAT GCA ATC AAT GAA GAA AC TTC GAC GAG CTT CTA CTG GC  
glt 
Amplification GGG CTT GAC TTC TAC AGC TAC TTG CCA AAT AAA GTT GTC TTG GAC GG 1,012 
Sequencing GTG GCT ATC CTA TAG AGT GGC CCA AAG CGC ACC AAT ACC TG  
gly 
Amplification GAG TTA GAG CGT CAA TGT GAA GG AAA CCT CTG GCA GTA AGG GC 816 
Sequencing AGC TAA TCA AGG TGT TTA TGC GG AGG TGA TTA TCC GTT CCA TCG C  
pgm 
Amplification TAC TAA TAA TAT CTT AGT AGG CAC AAC ATT TTT CAT TTC TTT TTC 1,150 
Sequencing GGT TTT AGA TGT GGC TCA TG TCC AGA ATA GCG AAA TAA GG  
tkt 
Amplification GCA AAC TCA GGA CAC CCA GG AAA GCA TTG TTA ATG GCT GC 1,102 
Sequencing GCT TAG CAG ATA TTT TAA GTG ACT TCT TCA CCC AAA GGT GCG  
unc 
Amplification ATG GAC TTA AGA ATA TTA TGG C GCT AAG CGG AGA ATA AGG TGG 1,120 
Sequencing TGT TGC AAT TGG TCA AAA GC TGC CTC ATC TAA ATC ACT AGC   
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TABLE 2.4 MLVA patterns and DNA fragment lengths of 7 selected VNTR loci in a set of 10 different C. jejuni isolates 
Strain 
No. of TR for VNTR locus and DNA length by DNA sequencing / CE 
V2  V6  V11  V13  V17  V19  V33 
S14 5 263 274  2 218 225  1 255 264  3.6 192 202     3.4 249 254  2 244 242  2 271 275 
S12 5 265        275  2 218 225  2 264 274  3.6 192 201  4 259 267  2 244 242  2 271 276 
K7 5 265 274  3 226 233  1 255 263  3.6 192 199  4 259 267  2.8 260 255  2 271 277 
T9 5.9 277 287  2 218 224  1 255 263  4 205 209  4 259 270  0 b 144 128  2 270 273 
S6 6.5 283 294  2 218 225  1 255 262  4.8 211 220  4 262 269  2.8 260 255  2 270 273 
T7 5 265 274  2 218 224  1 255 263  3.6 192 201  3.4 247 256  2.8 260 254  2 271 275 
T10 5.9 275 285  2 219 225  1 256 264  4 201 213  3.4 250 256  0 b 143 127  2 271 275 
S9 11.5 344 352  - a - -  - a - -  7 271 275  - a - -  - a - -  - a - - 
ATCC33560 3 244 255  2 218 223  1 255 263  2 171 180  4 260 265  0 b 143 126  2 271 276 
JCM2013 5 267 275  2 218 223  1 257 263  3.6 192 202  4 259 265  0 b 143 127  3 279 284 
a No amplification product was observed, even different PCR primers and conditions were tried. 
b Based on sequencing data, a repeat unit was absent. 
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TABLE 2.5 MLVA types of 50 C. jejuni isolates by MLVA with 7 VNTR loci 
a The isolate ID in the parenthesis are the isolate ID identified in the same MLST 
sequence type. 
b Based on sequencing data, a repeat unit was absent. 
 
 
 
MLVA type No. of repeats No. of isolates Isolate ID
a 
MLST 
sequence 
type V2 V6 V11 V13 V17 V19 V33 
1 3 2 1 2 3.4 2.8 2 4 2, 9, 17, 18 4700 
2 3 2 2 2 3.4 0b 2 2 31, 33 31 
3 3 2 2 2 3.4 2 2 1 39 354 
4 3 2 2 2 3.4 2.8 2 1 12 4358 
5 3 2 2 3.6 3.4 2.8 2 1 4 624 
6 3 2 2 3.6 4 1 2 1 35 4363 
7 3 2 2 4.8 3.4 2.8 2 1 11 627 
8 5 2 1 2 3.4 0b 2 2 [7], [8] 917, 1461 
9 5 2 1 2 3.4 1 2 1 3 2439 
10 5 2 1 3.6 3.4 0b 2 1 23 6720 
11 5 2 1 3.6 3.4 1 2 4 41, 42, 45, 50 574 
12 5 2 1 2 3.4 2 2 1 26 6720 
13 5 2 1 3.6 3.4 2 2 2 [6], [25] 3765, 6720 
14 5 2 1 3.6 3.4 2.8 2 1 22 6720 
15 5 2 1 3.6 4 1 2 2 [5], [47] 1993, 574 
16 5 2 1 3.6 4 2 2 1 1 1514 
17 5 2 1 3.6 4 2.8 2 1 37 5722 
18 5 2 1 7 3.4 1 2 1 10 1993 
19 5 2 2 2 3.4 0b 2 1 24 773 
20 5 2 2 2 3.4 2.8 2 1 27 347 
21 5 2 2 3.6 3.4 0b 2 3 [28, 29], [36] 268, 536 
22 5 2 2 3.6 3.4 2 2 2 32, 34 31 
23 5 2 2 3.6 4 0b 2 1 30 268 
24 5 2 2 4.8 3.4 0b 2 2 13, 14 187 
25 5 3 1 3.6 4 1 2 1 44 574 
26 6.5 2 1 3.6 3.4 1 2 1 15 1993 
27 6.5 2 1 3.6 3.4 2.8 2 1 16 2433 
28 6.5 2 1 4.8 3.4 2.8 2 6 19, 20, 40, 43, 48, 49 45 
29 6.5 2 2 4.8 3.4 2.8 2 1 21 2751 
30 6.5 3 1 4.8 3.4 1 2 1 38 583 
31 6.5 3 1 4.8 3.4 2.8 2 1 46 45 
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TABLE 2.6 Comparison in advantages and disadvantages of MLST and MLVA 
Term MLST   MLVA  (based on 7 VNTR loci) 
Speed (per isolate)a 20 h   8-9 h by MLVA-CE 
   18-19 h by MLVA-DNA sequencing 
Costs (per isolate)a Expensive, labor intensive  10 times lower by MLVA-CE 
Complication in processing 
and interpretation of the data Moderate  Simple 
Number of tested isolates May not be suitable for large number of isolates  
Large number of isolates can be 
tested in a short time period 
Standardization Global standardization, easily be compared between laboratories   
Comparison of fragment size data 
from different platforms is needed 
rigorous standardization 
International database Large public database  No 
Popularity of use Present gold standard for typing of C. jejuni   No (first time in this study) 
                           a Based on laboratory setting in this study 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
	   44 
Chapter 3 
Investigating the effect of adaptation to the biocides on 
Campylobacter jejuni biofilm and their cross-resistance to  
clinical antimicrobial compounds 
 	   	  
3.1 Introduction 
Biocides have been used as one of the most common methods for controlling 
microbial growth and preventing the spread of contamination at all stages of the farm-to-
fork chain. While the food industry has increased the use of biocides to ensure food safety, 
the risk of improper use of these chemical agents, which could lead to the selective 
pressure and spread of biocide-resistant bacteria together with the emergence of cross-
resistance to clinically important antibiotics, is of increasing concern (Capita et al., 2014; 
Condell et al., 2012; Fraise, 2002; Glibert and McBain, 2003; SCENIHR, 2009). 
Underdosing of applied biocides and insufficient cleaning before disinfection can also 
reduce the efficacy of biocides. Under such conditions, bacteria are exposed to sublethal 
concentrations of biocides and lead to biocide adaptation of bacteria (Davidson and 
Harrison, 2002). These phenomena may have an impact on the susceptibility of bacteria to 
food-processing stresses designed to counteract them, such as the concentration of biocides 
currently used in food environments. 
Resistance mechanisms contributing to biocide tolerance often involve changes in 
bacterial outer membrane permeability and activity of membrane associated with efflux 
pumps. Changes in outer membrane permeability limit the amount of biocide that can enter 
the cell, thereby reducing the intracellular biocide concentration. These changes are 
involved in alterations in the content of lipopolysaccharide and outer membrane proteins 
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(Yuk and Marshall, 2006). Changes in activity of efflux pumps can also support resistance 
by actively pumping toxic substances, including biocides and antibiotics out of the cell 
which prevents accumulation of these agents (Champlin et al., 2005 and Denyer and 
Maillard, 2002). Furthermore, this resistance is also associated with morphological changes 
of bacterial cell (To et al., 2002). 
An increase in biocide resistance is a major public health issue, as it could be 
expected to contribute to the increased emergence of persistent strains in the food chain. 
However, there are a few reports discussing the development of biocide resistance in 
important foodborne pathogens such as Campylobacter jejuni and none of them discusses 
the effect of biocide adaptation on biofilm formation of C. jejuni. In addition, 
Campylobacter is increasingly resistant to the clinically important antibiotics and this 
rising resistance is of concern (Engberg et al., 2001). A study examining whether 
adaptation of C. jejuni to biocides could influence its resistance to antibiotics would 
provide useful information on the risk assessments for antimicrobial resistance of C. jejuni. 
It is now widely recognized that biofilms are a prevalent mode of growth of most 
bacteria found in natural, clinical, and industrial settings (Davey and O'toole, 2000). 
Though C. jejuni is a microaerophilic bacterium, requiring an atmosphere of 5-10% 
oxygen and 10% carbon dioxide, several reports have shown that C. jejuni are capable of 
forming biofilms in atmospheric oxygen levels (Bronowski et al., 2014; Brown et al., 
2015; Joshua et al., 2006; Reuter et al., 2010). Biofilms are complex communities of 
microorganisms that attach to surfaces and frequently embedded in a matrix of 
extracellular polymeric substances (EPS). The protective effects of its matrix allow cells to 
survive under harsh environments, for example, in the presence of biocides (Norouzi et al., 
2010). Since, biofilms provide a reservoir of microorganisms and its physical 
characteristics, biofilm formation can lead to critical problems, such as food safety 
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problems, loss of production efficiency and serious engineering problems (Garrett et al., 
2008). A study in the effect of biocide adaptation on biofilm formation of bacteria would 
have the advantage in food safety issues and developing control measures if the adaptations 
allow bacterial survival and changes in biofilm characteristics.   
The aim of this research was to investigate the effects of exposure of C. jejuni to 
sublethal concentrations of three biocides widely used in food industry (trisodium 
phosphate (TSP), acetic acid (AC), and sodium hypochlorite (SH)) and two commercial 
biocide formulations (biocide 1 and biocide 2). The analysis was conducted on the 
adaptation to the biocides, the ability to form biofilms, and cross-resistance to clinical 
antibiotics. In addition, structures and adhesion strength of biofilms of C. jejuni to a 
surface were examined for the first time. 
 
3.2 Materials and methods 
Biocides 
Five biocides following were tested:  
1. Trisodium phosphate (TSP) (Wako, Chuo, Osaka, Japan) – a biocide widely 
used for cleaning the poultry carcass 
2. Acetic acid (AC) (Kokusan, Chuo, Tokyo, Japan) – one of the organic acids 
that have proven to be effective sanitizer in poultry processing by spraying on 
the environmental surfaces of processing plant 
3. Sodium hypochlorite (SH) (Kokusan, Chuo, Tokyo, Japan) – the form of 
chlorine, a universal sanitizer used on material surfaces and in water in food 
processing plants 
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4. Biocide 1 - a commercial biocide currently used in a chicken meat factory in 
Thailand. Biocide 1 consisted of phosphoric acid, alkyl benzene sulfonic acid, 
and ethoxylated alcohol and was classified as an acidic biocide. 
5. Biocide 2 - a commercial biocide currently used in a chicken meat factory in 
Thailand. Biocide 2 consisted of sodium lauryl ether sulfate, alkyl benzene 
sulfonate, sodium salts, propylene glycol monomethyl ether, and dipropylene 
glycol n-propyl ether and was classified as an alkaline biocide.  
The chemical solutions were prepared in sterile distilled water immediately 
(within 1 hour) before the experiments.   
 
Biocide susceptibility testing 
Campylobacter jejuni ATCC 33560, a type strain, was stored at -80oC in 
Microbank bead vials (Pro-Lab Diagnostics, Austin, TX, USA) and cultivated in Bolton 
broth (Oxoid, Basingstoke, Hampshire, England) prior to subjecting to the experiments. 
Growth was achieved under microaerophilic atmosphere generated by AnaeroPack-
MicroAero (Mitsubishi Gas Chemical, Japan) in gas-tight containers at 42oC for 18-19 h. 
The minimum inhibitory concentrations (MICs) of five biocides were determined 
according to the broth microdilution method in Bolton broth with inocula of 108 CFU/ml, 
as described in Capita et al. (2014). Briefly, 1.5 ml sterile eppendorf tubes were filled with 
100 µl of chemical solution and 900 µl of an inoculum in Bolton broth to achieve a final 
cell number of approximately 5x105 CFU/ml. The chemical solutions used included TSP at 
concentration of 1.0 - 20.0 mg/ml, AC at concentration of 0.1 - 2.0%, SH at concentration 
of 20 - 200 ppm, biocide 1 and biocide 2 at concentration of 0.1 - 10.0%. The cultures were 
then incubated for 24 h at 42oC under microaerophilic condition. Both positive (1 ml of 
inoculum at 5x105 CFU/ml) and negative (100 µl of chemical solution and 900 µl of 
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Bolton broth) controls were included in each experiment. The experiments were replicated 
three times on separate days. The MIC was defined as the lowest concentration of biocide 
where no growth was observed. The optical density (OD) at 600 nm was measured using 
U-0080D Hitachi spectrophotometer (Hitachi High-Technologies, Tokyo, Japan) to 
determine the growth of C. jejuni in Bolton broth before and after 24-h incubation. Blank 
samples were Bolton broth without inoculum. The MIC was determined as the lowest 
concentration of biocide in the culture that the OD of culture after incubation did not 
exceed the OD of culture before incubation.  
 
Adaptation to biocides 
The experiment was modified from Capita et al. (2014). The isolate was grown at 
42oC for 24 h under microaerophilic condition in Bolton broth containing a biocide at the 
starting concentration of 0.25× (for SH and biocide 1) or 0.5× (for TSP, AC, and biocide 2) 
MIC. Then, 100 µl of the culture were transferred to the next well containing 800 µl of 
Bolton broth and 100 µl of the chemical solution at increasing concentration. The biocide 
concentration was increased in a stepwise manner with concentration 1.25 or 1.5 times 
stronger than that in the previous culture. This procedure was continued until no growth 
was observed after 24 h of incubation at 42oC under microaerophilic condition. The culture 
in the last well with growth was streaked on CCDA plates with biocides (0.5×MIC). Non-
adapted isolates were cultivated in biocide-free Bolton broth in parallel to adapted isolates 
and streaked on CCDA plates without biocides. The plates were incubated at 42oC for 48h 
under microaerophilic condition. The visible colonies from CCDA plates with biocides 
(adapted isolates) and biocide-free CCDA plates (non-adapted isolates) were collected and 
stored at -80oC in Microbank bead vials until further experiment. 
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Biofilm formation assay 
The experiment was modified from Capita et al. (2014). Ten milliliters of Bolton 
broth with biocides (0.5×MIC) and biocide-free Bolton broth were used for cultivating 
adapted cells and non-adapted cells from stock cultures stored in Microbank bead vials, 
respectively. An inoculum at 106 CFU/ml was prepared. The adhesion was allowed on 
glass coverslips for 18 h at 42oC under microaerophilic condition. After adhesion, the 
culture medium was removed and the glass coverslips were rinsed with 1 ml of PBS. Then 
again, Bolton broth with biocides (0.5×MIC) was added to all groups of cells (TSB-
adapted, AC-adapted, SH-adapted, biocide 1-adapted, biocide 2-adapted and non-adapted 
cells), resulting in a total of 30 different conditions of growth. The biofilms were 
developed for 48 h at 42oC under microaerophilic condition. The planktonic cell density of 
the 48-h cultures was assessed by measuring the OD at 600 nm on a spectrophotometer 
(Hitachi High-Technologies, Tokyo, Japan). The experiments were performed in triplicate 
on separate days. 
 
AFM imaging and force measurement 
A total of 30 conditions of C. jejuni biofilms as mentioned above were analyzed 
for surface images and the adhesion forces over the biofilm surface using a Nanosurf Naio 
atomic force microscope (Nanosurf AG, Liestal, Switzerland). After the 48-h development 
of biofilms, samples were taken out from the broth culture, gently rinsed with sterile 
distilled water and then air dried for 10-15 min before AFM examination. A Naio AFM 
was operated in contact mode in air at room temperature using silicon cantilevers 
(SHOCONA; Applied NanoStructures, California, USA) with the manufacturer’s quoted 
resonance frequency of 21 kHz (range, 8 to 37 kHz) and spring constant of 0.14 N/m 
(range, 0.01 to 0.6 N/m). The radius of curvature of the AFM tip is approximately 50 nm. 
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The Nanosurf Naio AFM software was used to analyze the topographic images of the 
biofilm surface, as well as the force-distance curves. Afterward, a Gwyddion software 
(version 2.4) (http://gwyddion.net/) was used to reconstructed three-dimensional 
projections of the structure of biofilms and calculated the quantitative structural parameters 
of the biofilms, such as biovolume, surface coverage, and roughness. The biovolume or 
overall volume of biofilms (µm3) in the observation area (25 × 25 µm) provides an 
estimation of the total biomass in the biofilm. Surface coverage (%), which represented the 
percentage of surface area occupied by the biofilm, reflects the efficiency of surface 
colonization. Roughness calculated from the thickness distribution, describes the 
heterogeneity of the biofilm (Chang et al., 2015).  
Force-distance curves were obtained by the force spectroscopy mode of AFM. 
Force-distance curves are obtained by extending the tip to the surface to make a contact 
between the tip and the sample surface followed by retracting it from the surface, as 
presented in Figure 3.1. The cantilever was allowed to approach the surface at a loading 
velocity of 2 µm/s until a preset loading force of 5 nN was reached, indicating it had made 
a tight contact with the surface. After the cantilever contacted with the surface, the 
cantilever was withdrawn from the surface at a velocity of 2 µm/s to obtain a force–
distance curve. The adhesion force can be calculated from the deflection distance of 
cantilever and the cantilever spring constant, as F = k × L. F is the adhesion force (nN), k is 
the spring constant of cantilever (equal to 0.14 N/m in this study), and L is the deflection 
distance (nm). Force values were averaged from force curves collected at 5 different points 
on the surface of biofilms per sample. The experiments were performed in triplicate on 
separate days. 
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Determination of cross-resistance to antibiotic compounds 
Biocide-adapted and non-adapted C. jejuni were tested for susceptibility to 9 
antibiotic compounds by a disc diffusion method according to the Clinical and Laboratory 
Standards Institute (CLSI) (CLSI, 2008). CCDA with biocides (at concentration of 0.25× or 
0.5×MIC) was used for growth of previously adapted cells and CCDA without biocides 
was used for growth of non-adapted cells. After 48 h of incubation at 42ºC under 
microaerophilic condition, colonies of C. jejuni were suspended in PBS (pH 7.4) and 
density was standardized to the 0.5 McFarland turbidity standards. The cultures were 
inoculated on Mueller–Hinton agar plates (Oxoid, Basingstoke, Hampshire, England) 
supplemented with 5% of horse blood and the antibiotic discs were placed on the agar 
plates. The inoculated plates were incubated for 48 h under a microaerobic environment at 
42°C. Discs of the following antimicrobial compounds were used: ampicillin 10 µg, 
chloramphenicol 30 µg, tetracycline 30 µg, erythromycin 15 µg, ciprofloxacin 5 µg, 
nalidixic acid 30 µg, kanamycin 30 µg, streptomycin 10 µg, and gentamicin 10 µg. After 
48 h of incubation, the diameter of the inhibition zones was measured and interpreted as 
susceptible, intermediate and resistant according to the CLSI (Table 3.1).  
Statistical analysis 
All results were analyzed using Microsoft Excel and IBM® SPSS Statistic 
software version 21.0. Significant difference among data was tested by analysis of variance 
(ANOVA) by the general linear model procedure of SPSS. Mean separations were obtained 
using Duncan’s multiple-range test. Significance was determined at the 5% level (P < 
0.05). A correlation coefficient (R) was derived using a Pearson’s correlation via an online 
tool (http://www.http://www.socscistatistics.com/tests/pearson). Pearson correlation 
coefficient is a numerical indicator of the strength and direction of the linear relationship 
between two variables.  
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3.3 Results 
3.3.1 Adaptation to biocides 
The MICs of TSP, AC, SH, Biocide 1, and Biocide 2 for C. jejuni before exposure 
to sublethal concentrations of biocides are presented in Table 3.2. After several passages 
through higher concentrations of the biocides, C. jejuni exhibited an increased tolerance to 
the biocides; the MICs after adaptation of five biocides were 1.1 – 1.7 times higher than the 
initial MICs.  
 
3.3.2 Three-dimensional structure of biofilms 
Representative 48-h biofilm structures of C. jejuni ATCC33560 observed using 
AFM for the 30 culture conditions under study are presented in Figure 3.2. A marked 
variability in three-dimensional biofilm architecture of adapted cells was observed among 
conditions, compared with non-adapted cells. Non-adapted cells, which were not 
subsequently exposed to biocide formed several small and scattered cell clusters (Fig. 3.2a; 
upper left). Exposure to biocides of non-adapted cells changed the structure of biofilm very 
little, or lowered biofilm formation (exposure to AC or SH). When cells adapted to TSP, 
exposure to the biocides (except exposure to TSP) did not make an obvious difference of 
biofilm structure from those of non-adapted cells. Subsequent exposure to TSP of TSP-
adapted cells were found for larger cell aggregation, compared with non-adapted cells. 
Exposure to biocides of cells adapted to AC obviously transformed the biofilm structure, 
especially exposure to SH and Biocide 1. Cells adapted to AC and exposed to SH or 
Biocide 1 formed the biofilms with remarkable ice crystal-shaped structures with different 
structure height (Fig 3.2b and 3.2c). For cells adapted to SH, subsequent exposure to 
biocides changed biofilm structure by small cell clusters with remarkably protuberant 
surface of biofilm for exposure to SH and rather rough biofilms for exposure to Biocide 1 
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and Biocide 2. Biofilm structures of cells adapted to Biocide 1 were slightly changed after 
exposed to different biocides. Lastly, biofilm structure of cells adapted to Biocide 2 was 
reformed after exposure to different biocides. The most obvious change was biocide 2-
adapted cells exposed to AC, which caused remarkably protuberant surface of biofilm, 
contrasting to few biofilm formation of non-adapted, AC-, SH-, and Biocide 1-adapted 
cells. Overall, adaptation to biocides changed biofilm structures under most of the culture 
conditions. 
 
3.3.3 Quantification of the structural parameters of biofilms 
Biovolume, surface coverage, and roughness of biofilms were quantified to 
numerical data from AFM images and subjected to statistical analysis. The structural 
parameters of adapted cell biofilms were compared with those of non-adapted cells exposed 
to the same biocides, as presented in Table 3.3 and Fig 3.3. The results presented that 
adaptation to biocides could significantly decrease or enhance (P < 0.05) the ability to form 
biofilm of C. jejuni. According to biovolume, adaptations caused significant increases in 
biovolume (11 out of 25 conditions) more than decreases (4 conditions), especially in the 
biofilms of cells adapted to AC, Biocide 1, and Biocide 2 (Fig. 3.3a). Apparently large 
increases in biovolume were observed in the subsequent exposure to SH of adapted cells; 
cells adapted to AC (138.0 ± 15.9 µm3), biocide 2 (103.0 ± 11.2 µm3), and biocide 1 (69.0 
± 9.9µm3), comparing with biovolume of their non-adapted cells (Table 3.2). On the other 
hand, 4 (adapted to TSP, AC, SH, and Biocide 1) out of 5 adapted cells were decreased in 
biovolume of biofilms when exposed to TSP. For surface coverage, 7 and 6 conditions of 
biofilm-cell growth were found for the significant decrease and increase in surface 
coverage, respectively (Fig. 3.3b). Besides biovolume, exposure to TSP also considerably 
decreased surface coverage of the biofilms of 3 adapted cells (adapted to TSP, AC, and 
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Biocide 1). No adaptation and exposure to any specific biocides caused the tendency of 
increase in surface coverage of the biofilms. However, the highest increase in surface 
coverage was observed in cells adapted to SH and exposed to Biocide 2 (71.4 ± 7.3%), 
compared with non-adapted cells exposed to Biocide 2 (11.9 ± 5.1%). For biofilm 
roughness, 4 and 5 conditions of biofilm-cell growth were found for the significant 
decrease and increase, respectively (Fig. 3.3c). No specific patterns of increase or decrease 
of roughness was observed for adaptation and/or exposure to any specific biocide. The 
largest increase was found at cells adapted to Biocide 2 and exposed to TSP (23.2 ± 4.0 
µm), compared with non-adapted cells exposed to TSP (8.2 ± 2.3 µm) (Table 3.2). The 
highest decrease was found at cells adapted to TSP (2.0 ± 0.4 µm) and Biocide 2 (2.4 ± 0.4 
µm), both subsequently exposed to Biocide 1, which was compared with those of non-
adapted cells exposed to biocide 1 (11.4 ± 1.6 µm). Finally, Pearson’s correlations among 
biovolume, surface coverage, and roughness were found to be weak (R < 0.35). 
 
3.3.4 Planktonic cell density 
The possible influences of cell densities on biofilm formation were tested. The 
microbial counts in the culture broth at 48 h of incubation (the time at which biofilm 
formation was determined) were evaluated (Table 3.4). A significant difference between 
bacterial concentrations of non-adapted and adapted cells was found in the exposure to TSP 
and Biocide 1. However, weak correlation (R = 0.222) between the bacterial concentrations 
in broth culture and biovolume of biofilm was observed, while no correlation among the 
bacterial concentrations, surface coverage and roughness of the biofilms was observed.  
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3.3.5 Adhesion strength of biofilms 
The effect of adaptation to biocides on adhesion force of C. jejuni biofilms is 
tested for the first time in this work. The results in Table 3.5 and Fig. 3.4 indicate that 
adaptation of C. jejuni to biocides affected change in adhesion ability of the biofilms. Out 
of 25 conditions, biofilms from 5 conditions were found to have significant increases (P < 
0.05) in adhesion strength of 1.9 – 3.2 times stronger than those of non-adapted cells 
exposed to the same biocide. The highest figures were observed for 18.1± 3.0 nN by SH-
adapted cells exposed to biocide 2 and 14.2 ± 2.6 nN by biocide 2-adapted cells exposed to 
AC, while non-adapted cells exposed to biocide 2 and AC had adhesion force of biofilms 
about 5.9 ± 0.5 nN and 6.8 ± 1.4 nN, respectively. On the other hand, a significant decrease 
(P < 0.05) of adhesion force was found in 3 conditions of biofilms. The biofilms of Biocide 
1-adapted cells exposed to SH were found to be the most significant decrease (2 fold 
decrease) in adhesion strength, compared with non-adapted cells exposed to SH. The 
remaining of 22 conditions produced the biofilms with adhesion strength not significantly 
different (P > 0.05) from those of non-adapted cells exposed to the same biocide. 
 
3.3.6 Cross-resistance to antibiotics 
C. jejuni cultures were subjected for antibiotic susceptibility testing against 9 
clinically important antibiotics from 6 classes of antibiotics before and after adaptation to 
sublethal concentrations of biocides (Table 3.6). Before adaptation, C. jejuni was 
susceptible to all antibiotics tested. The exposure of C. jejuni to increasing sublethal 
concentrations of biocides was able to reduce the susceptibility to antibiotics. Biocide 2 
caused the adapted cells becoming resistant to kanamycin and streptomycin, while TSP, 
AC, SH, and Biocide 1 caused the adapted cells intermediately susceptible to kanamycin. 
Even though none of the adapted cells was found becoming resistant to the 7 remaining 
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antibiotics, most of the inhibition zones of the adapted cultures were apparently observed 
(presented in Table 4) that they were smaller than those of non-adapted cultures, especially 
those of cultures adapted to Biocide 2.  
 
3.4 Discussion 
C. jejuni exhibited acquired tolerance to biocides after adaptation to increasing 
sublethal concentrations of  the compounds. The increased tolerance observed suggests that 
the use in food environments of biocides, which may provide sublethal exposure of these 
agents when used improperly, represents a real risk for the development of adaptation of 
the bacteria to biocides. The sublethal exposure of biocides could occur when used 
improperly (inappropriate types of biocide, insufficient concentrations and contact time), 
stored inappropriately, or in the presence of excessive amounts of organic matter due to 
insufficient cleaning before disinfection (Condell et al, 2012). The adaptation to biocides 
could facilitate the survival of the bacteria from the concentration of biocides currently 
used and contribute to the emergence of persistent strains, resulting in continuous 
recontamination and long-term food safety problems (Keeratipibul and Techaruwichit, 
2012). 
The adaptation to sublethal concentrations of biocides influenced changes in the 
architecture of biofilms produced by C. jejuni. The biofilms of C. jejuni displayed variable 
appearance and their structures change easily with different types of biocide or even the 
order of exposure to biocides. According to the positive effects in the issue of food safety, 
some biocide-adapted cells showed lower potential to form biofilms, for instance, adapted 
cells produced biofilms with decreased biovolume and surface coverage after exposure to 
TSP. The high pH and ionic strength of TSP solutions support in the ability of TSP to 
remove lipid films and to have a surfactant effect, which may result in the limited ability of 
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C. jejuni to form biofilms after exposure to this agent (Capita et al., 2002). Despite of 
decreased biofilm formation ability after some adaptations to biocides, biocide-adapted 
cells presented substantial increase in biofilm formation (biovolume and surface coverage) 
as well. Biofilm roughness plays an important role in facilitating cell adhesion due to 
enlarged biofilm surface area and preventing cell detachment in the initial attachment 
(Janjaroen et al., 2013; Shen et al., 2015). Thus, the increased biofilm roughness indicated 
that adaptation to biocides could support the persistence of biofilm on a surface. In food 
industry, several types of biocide are routinely used for a combination of bactericidal 
effects in a process of cleaning and disinfection. Despite preventing bacterial infection, the 
use of these biocides, either single or combination uses, at inappropriate doses may 
adversely affect food safety by inducing sublethal environmental stress to the bacteria and 
promoting their biofilm production. 
Since formation of a biofilm begins with the attachment of free-floating planktonic 
cells to a surface, it is expected that a more cell density is accompanied by an increase in 
surface attachment of bacteria and biofilm formation. However, the controversial results 
have been reported (Díez-García et al., 2012, Tondo et al., 2010). In addition, in this study, 
planktonic cell densities	  of the culture broths seem to be unrelated to biofilm formation of 
both non-adapted and biocide-adapted cells of C. jejuni. 
The ability of C. jejuni to form biofilms on a surface is well documented (Joshua 
et al., 2006; Reeser et al., 2007). However, few studies have been further conducted to 
determine how strong the biofilms adhere on a surface and the influence of adaptation to 
biocides on biofilm adhesion strength, with the aim to concern how difficult to completely 
remove the biofilms of biocide-resistant bacteria from the surfaces of food-processing 
facilities. In this study, significant changes in biofilm adhesion abilities were observed after 
cell adaptation. These alterations in adhesion strength of biofilm may be related to the role 
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of EPS in biofilms. Klapper et al. (2002) used a mathematical model describing 
viscoelastic properties of biofilms and suggested that the material properties of biofilm 
were largely determined by the EPS, implying that biofilm strength should be linked to 
EPS quantity and composition. In addition, some reports indicate that the presence of 
extracellular DNA (eDNA) in biofilm EPS was required for biofilm formation of C. jejuni 
and promoted bacterial adhesion to hydrophobic surfaces (Regina et al., 2014; Svensson et 
al., 2014). It is well documented that the EPS content of a biofilm can differ in quantity and 
character as a result of environmental factors, including environmental stress (Ahimou et 
al., 2007; Weiner et al. 1995). It is possible that the adaptive response of cells adapted to 
biocides is associated with alterations in EPS compositions, especially eDNA. Furthermore, 
the figures of high adhesion force in the present study were reported in vitro simulation of 
biocide-adapted bacteria forming biofilms on a glass surface. Since, bacterial adhesion 
forces increase with increasing roughness of the surfaces, the greater forces may be found 
in the actual contact materials of food facilities and equipment, such as stainless steel, 
plastics, and rubber (Mei et al., 2011; Mousavi et al., 2014). Biofilms occurring on food 
processing environment can be removed mechanically (by high-pressure water spraying, 
and scrub brushing) and/or chemically (by using biocides). In hard to reach places, the 
strong-adhesion biofilms may be difficult to be fully removed by chemical approaches 
alone. Although chemical compounds provide some benefits in terms of disinfection, they 
have the limitation of leaving the residual biofilm structures that may induce repeated 
bacterial adhesion and biofilm regrowth (Ohsumi et al., 2015). Thus, high-adhesion 
biofilms of biocide-adapted C. jejuni are needed special efforts for the complete removal of 
adapted C. jejuni biofilms.  
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Concerns about a possible link between biocide adaptation and antibiotic 
resistance have been rising for a number of years. If pathogens are resistant to antibiotics 
commonly used in the treatment for their infections, then this causes a serious problem for 
infected people. Erythromycin (in a macrolide family) and ciprofloxacin (in a 
fluoroquinolone family) are considered as first and second drugs of choice for antimicrobial 
treatment of campylobacteriosis (Allos, 2001). Despite of smaller inhibition zones of 
adapted cells compared with those of parent cells, the adaptation of C. jejuni to biocides did 
not cause the bacteria became resistant to neither erythromycin nor ciprofloxacin. In 
addition, none of C. jejuni cells adapted to biocides resistant to gentamicin (in a 
aminoglycoside family), one of the alternative drugs for systemic infection with 
Campylobacter. Gentamicin has a wider range and difference in antimicrobial spectra 
compared with streptomycin and kanamycin, which are in the same antibiotic family 
(Engberg et al., 2001). The study presented here revealed an increase in resistance to 
kanamycin and streptomycin after adaptation to biocides. Kanamycin and streptomycin are 
important drugs for treating serious infections caused by many gram-negative bacilli and 
some gram-positive bacteria, especially Mycobacterium (Peloquin et al., 2004). Cross-
resistance between streptomycin and kanamycin resistances was also observed in the 
adapted Escherichia coli B23 cells (Chen et al., 2009). A study in the cross-resistance 
among the aminoglycoside antibiotics in different microorganisms reported that a mutation 
to resistance to an antibiotic might cause resistance to some or all of the members of the 
antibiotic family (Onaolapo, 1994).  
Biocide 2 caused the movement of strains from the category of sensitive to that of 
resistant against kanamycin and streptomycin, while TSP, AC, SH, and Biocide 1 caused 
the movement of strains from the category of sensitive to that of intermediate sensitive 
against kanamycin. Previously, after adaptation among the biocides tested, Biocide 2 also 
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showed the largest increase (1.7 times) in MIC (Table 3.1). The relationship between the 
marked increases in resistance to these functionally and structurally unrelated compounds 
suggests a nonspecific resistance mechanism. It has been suggested that the linkage 
between biocide adaptation and resistance to antibiotics in Gram-negative bacteria may be 
due to nonspecific efflux pumps (Braoudaki and Hilton, 2005). In fact, the aminoglycosides 
are active by binding irreversibly to the 30S subunit of ribosomes and preventing protein 
synthesis of bacteria. Changes in the cell surface which induce a reduction in cell 
permeability may cause the aminoglycosides fail to penetrate through the cell wall of 
bacteria, resulted in the increased antibiotic resistance in the adapted bacteria (Murray et 
al., 2002). 
 
3.5 Conclusion 
Sublethal exposure of C. jejuni to biocides can lead to a real risk for adaptation of 
the bacteria to biocides. Adapted bacteria could increase their biofilm formation with 
several biofilm structure changes and substantially increase biofilm adhesion strength on 
glass surface. It is clinically relevant, as biocide adaptation (especially to Biocide 2) 
developed the risk of cross-resistance to several antibiotics in C. jejuni. These findings 
suggest that the proper use of biocides is crucial for not only controlling microbial cross-
contamination, but also preventing the development of bacterial resistance to biocides. The 
present study has pointed out the importance of investigations concerning the bacterial 
adaptation to chemical stresses, which may create the potential hazard to food safety.  
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FIGURE 3.1 Idealized force-distance curve describing an approach-retract cycle of the 
AFM tip. The AFM tip is approaching the sample surface (A). The initial contact between 
the tip and the surface is mediated by the attractive van der Waals forces (contact) that lead 
to an attraction of the tip toward the surface (B). Hence, the tip applies a constant and 
default force upon the surface that leads to sample indentation and cantilever deflection 
(C). Subsequently, the tip tries to retract and to break loose from the surface (D). Various 
adhesive forces between the sample and the AFM tip, however, hamper tip retraction. 
These adhesive forces can be taken directly from the force-distance curve (E). The tip 
withdraws and looses contact to the surface upon overcoming of the adhesive forces (F). 
(Shahin et al., 2005) 
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FIGURE 3.2 3D projections of biofilm structure obtained from AFM. (a) The biofilm 
image of non-adapted and non-exposed cells (control; upper left) and images under 30 
different conditions. The remarkable ice crystal-shape structure was observed in biofilms of 
(b) cells adapted to AC and exposed to SH and (c) cells adapted to AC and exposed to 
Biocide 1.	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FIGURE 3.3 (a) Biovolume, (b) surface coverage, and (c) roughness of biofilms of C. 
jejuni adapted and exposed to sublethal concentrations of biocides. The figure presents the 
mean differences between adapted cells exposed to the biocide and non-adapted cells 
exposed to the same biocide. The mean values of non-adapted cells exposed to each biocide 
were set at zero. Bars with asterisk mark indicate that the mean values are significantly 
different (P < 0.05) from those of non-adapted cells exposed to the same biocide.  
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FIGURE 3.4 Adhesion force of biofilm of C. jejuni after adaptation and/or exposure to 
biocides. The figure presents the mean differences between adapted cells exposed to the 
biocide and non-adapted cells exposed to the same biocide. The mean values of non-
adapted cells exposed to each biocide were set at zero. Bars with asterisk mark indicate that 
the mean values are significantly different (P < 0.05) from those of non-adapted cells 
exposed to the same biocide. 
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TABLE 3.1 CLSI breakpoints used for determination of the antimicrobial resistance of 
C. jejuni 
 
Antibiotic agent Concentration (µg) 
Zone of inhibition (mm) 
Resistance 
(R) 
Intermediate 
(I) 
Susceptibility 
(S) 
1. Ampicillin 10 ≤ 13 14-16 ≥ 17 
2. Chloramphenicol 30 ≤ 11 12-22 ≥ 23 
3. Ciprofloxacin 5 ≤ 15 16-20 ≥ 21 
4. Erythromycin 15 ≤ 13 14-22 ≥ 23 
5. Nalixidic acid 30 ≤ 13 14-18 ≥ 19 
6. Tetracycline 30 ≤ 14 15-18 ≥ 19 
7. Gentamicin 10 ≤ 12 13-14 ≥ 15 
8. Kanamycin 30 ≤ 13 14-17 ≥ 18 
9. Streptomycin 10 ≤ 12 13-14 ≥ 15 
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TABLE 3.2 Minimum inhibitory concentrations of C. jejuni before and after adaptation. 
 
 
 Biocides used in this study 
MIC TSP (mg/ml) AC (%) SH (ppm) Biocide 1 (%) Biocide 2 (%) 
Before adaptation 16.7 0.45 100 1.5 4.5 
After adaptation 18.8 0.68 126 1.9 7.59 
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TABLE 3.3 Structural parameters of biofilms produced by non-adapted cells exposed 
to the biocides 
 
Exposed to Biovolume (µm3) Surface coverage (%) Roughness (µm) 
Non-exposed 16.8 ± 2.0b 57.8 ± 4.4c 4.8 ± 1.0ab 
TSP 18.0 ± 1.8b 87.1 ± 8.3d 8.2 ± 2.3bc 
AC 5.0 ± 0.8a 16.7 ± 3.3a 2.0 ± 0.9a 
SH 5.1 ± 1.1a 31.1 ± 0.8b 3.0 ± 0.9a 
Biocide 1 5.2 ± 1.0a 70.4 ± 5.9c 11.4 ± 1.6c 
Biocide 2 3.6 ± 1.7a 11.9 ± 5.1a 3.1 ± 0.4a 
 
Data are means ± standard deviations (SD) for three determinations. Means in the 
same column with no letters in common are significantly different (P < 0.05).   
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TABLE 3.4 Bacterial concentrations of C. jejuni in Bolton broth after 48 h of incubation at 42oC 
 
 
 
 
 
 
 
 
 
a Data are means ± standard deviations (SD) for three determinations. Means in the same row with no capital letters in common are significantly 
different (P < 0.05). The bacterial concentration of non-adapted cells grown in biocide-free medium was 8.9 ± 0.1 log10 CFU/ml. 
b There was a significant difference between groups of adapted cells, but none was significantly different from non-adapted cells. 
c No significant difference in the same row. 	  
Subsequently 
exposed to: 
Microbial countsa (log10 CFU/ml) of culture previously adapted to: 
Non-adapted TSP AC SH Biocide 1 Biocide 2 
TSP 8.3 ± 0.02C 8.5 ± 0.05D 8.5 ± 0.02D 8.0 ± 0.2A 8.3 ± 0.04C 8.1 ± 0.1B 
ACb 8.9 ± 0.1 9.3 ± 0.1 9.1 ± 0.1 8.7 ± 0.1 9.0 ± 0.2 8.7 ± 0.4 
SHc 8.9 ± 0.1 9.0 ± 0.1 9.0 ± 0.02 9.0 ± 0.02 8.8 ± 0.1 8.6 ± 0.3 
Biocide 1 8.6 ± 0.1C 8.5 ± 0.04B 8.6 ± 0.01C 8.6 ± 0.01C 8.6 ± 0.1C 8.2 ± 0.1A 
Biocide 2c 8.0 ± 0.2 7.7 ± 0.02 7.8 ± 0.2 7.9 ± 0.2 7.7 ± 0.1 7.7 ± 0.1 
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TABLE 3.5 Adhesion forces of biofilms produced by non-adapted cells exposed to the 
biocides 
 
Exposed to Adhesion forcea (nN) 
Non-exposed 3.3 ± 0.3a 
TSP 3.9 ± 0.5a 
AC 6.8 ± 1.4b 
SH 9.0 ± 1.7c 
Biocide 1 3.3 ± 0.6a 
Biocide 2 5.9 ± 0.5b 
 
a Data are means ± standard deviations (SD) for three determinations.  
Means in the same column with no letters in common are significantly different (P < 0.05). 	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TABLE 3.6 Antibiotic susceptibility of C. jejuni before and after adaptation 
 
Culture adapted to: 
Diameter of inhibition zone (mm) and resistancea to antibiotic categorized in family 
Beta-Lactems 
(penicillins) Chloramphenicols Tetracyclines Macrolides 
Ampicillin Chloramphenicol Tetracycline Erythromycin 
Non-adapted 20.0 ± 3.6 S 36.3 ± 2.1 S 35.3 ± 1.5 S 38.7 ± 1.2 S 
TSP 22.0 ± 1.0 S 36.3 ± 1.2 S 31.3 ± 2.5 S 35.3 ± 0.6 S 
AC 20.0 ± 4.6 S 40.3 ± 0.6 S 36.7 ± 0.6 S 38.0 ± 1.0 S 
SH 17.7 ± 2.1 S 35.0 ± 0.0 S 33.7 ± 1.5 S 35.7 ± 1.5 S 
Biocide 1 21.7 ± 1.5 S 34.5 ± 0.7 S 34.5 ± 0.7 S 38.0 ± 1.0 S 
Biocide 2 17.7 ± 0.6 S 34.7 ± 2.5 S 30.7 ± 2.3 S 34.3 ± 1.2 S 
 
                           a Resistances are indicated as follows: R, resistance; I, intermediately susceptible; and S, susceptible. 
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TABLE 3.6 (Continued) 
 
Culture adapted to: 
Diameter of inhibition zone (mm) and resistancea to antibiotic categorized in family 
Quinolones Aminoglycosides 
Ciprofloxacin Nalidixic acid Kanamycin Streptomycin Gentamicin 
Non-adapted 46.3 ± 1.5 S 28.3 ± 1.5 S 19.0 ± 1.0 S 21.7 ± 0.6 S 29.3 ± 1.2 S 
TSP 40.7 ± 1.2 S 24.3 ± 2.5 S 15.3 ± 1.5 I 17.3 ± 0.6 S 24.3 ± 1.2 S 
AC 48.0 ± 1.0 S 22.7 ± 1.2 S 17.3 ± 2.1 I 19.0 ± 1.7 S 25.0 ± 2.6 S 
SH 42.0 ± 1.2 S 23.0 ± 1.7 S 15.7 ± 0.6 I 15.7 ± 0.6 S 25.0 ± 2.0 S 
Biocide 1 45.7 ± 0.6 S 28.0 ± 1.7 S 17.3 ± 2.1 I 19.3 ± 0.6 S 28.7 ± 0.6 S 
Biocide 2 39.7 ± 0.6 S 22.7 ± 2.1 S 13.0 ± 1.7 R 11.0 ± 0.0 R 22.3 ± 2.1 S 
 
                    a Resistances are indicated as follows: R, resistance; I, intermediately susceptible; and S, susceptible. 	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Chapter 4 
Survival of Campylobacter jejuni in the food-processing 
environmental stresses and its gene expression after  
adaptation to biocides 
 
4.1 Introduction 
Bacteria enduring stressful environments can protect or cross-protect themselves 
to survive subsequent homogeneous or heterogeneous stresses, by a mechanism known as 
adaptive tolerance response (ATR). Many researches concerning ATR have been done 
with several important food-borne pathogens. Bacteria cells that have undergone biocide-
adaptation may exhibit cross-protection against unrelated environmental stresses; for 
instance, the increase in resistance of L. monocytogenes to heating at 56oC following 
exposure of cells to ethanol, H2O2, and extreme pHs (Lou et al., 1996; Taormina and 
Beuchat, 2001). Adaptation of S. enterica serovar Enteritidis to trisodium phosphate or 
alkaline solution was accompanied by induced thermotolerance (at 55oC) and increased 
resistance to high pH (Sampathkumar et al., 2004). Tolerances to heating at 47oC, crystal 
violet, deoxycholic acid, and H2O2 and the sensitivity to pH 4.4 and 20% NaCl were 
induced by adapting V. parahaemolyticus cells with alkaline solutions or 5% ethanol 
(Chaing and Chou, 2009; Koga et al., 2002). Heat resistance (55oC) of E. coli O157:H7 
was significantly increased after previous exposure to commercial cleaners (mainly 
contained hypochlorite) at 4 or 23oC (Sharma and Beuchat, 2004). Since, induction of ATR 
is known to occur in other bacteria exposed to various chemical agents, the potential for 
development of ATR on C. jejuni accompanied by biocide adaptation is possible. 
Unlike most other gram-negative bacteria, C. jejuni lacks common stress-
regulating genes, resulting in the sensitivity to respond to different environmental stresses 
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(Parkhill et al., 2000). C. jejuni is highly sensitive to drought, cold, heat, acid, osmotic 
(NaCl concentrations above 2%) and oxidative stress, and starvation (Park, 2002). 
However, its genome flexibility contributes to its capacity to respond to stress and survive 
in unfavorable conditions (Davis and Conner, 2007). It has been shown that C. jejuni can 
induce an ATR after aerobic stress (Jones et al., 2004; Gaynor et al., 2005). An adaptation 
after heat shock has also been described in C. jejuni (Mihaljevic et al., 2007). But research 
on biocide-induced ATR and cross-protection in C. jejuni to different environmental 
stresses is limited. Such a research could help in developing better control strategies to 
reduce or eliminate C. jejuni in the processing environments.   
There are several mechanisms, including physiological and genetic changes, 
proposed to explain the survival of C. jejuni encountering stress (Klančnik et al., 2006). 
They change under stress conditions from a spiral to the coccoid form (Moran and Upton, 
1987), usually accompanied by entering into a viable but nonculturable state (Rollins and 
Colwell, 1987). The ability to up-regulate or down-regulate protein synthesis also involves 
in the survival strategy and has been extensively reported (Ma et al., 2009). However, study 
on stress response in C. jejuni, especially the response to biocides and biocide-induced 
cross-protection on the gene expression level is also lacking. The aims of this research were 
to examine the cross-protection in biocide-adapted C. jejuni to heat and nutrient starvation, 
as well as the changes in gene expression of biocide-adapted and non-adapted cells after 
exposure to heat and starvation stresses.  
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4.2 Materials and methods 
Bacteria isolates and growth conditions 
Five biocide-adapted isolates and 1 non-adapted isolate of Campylobacter jejuni 
ATCC 33560 from the section 3.2 Experiment section (Adaptation to biocides) in Chapter 
3 were used. The biocide-adapted cells were C. jejuni cells adapted to TSP, AC, SH, 
Biocide 1, and Biocide 2. The stock cultures of adapted cells and non-adapted cells, which 
were stored at -80oC in Microbank bead vials, were cultivated in 10 ml of Bolton broth 
(Oxoid, Basingstoke, Hampshire, England) with biocides (0.5×MIC) and biocide-free 
Bolton broth, respectively. Growth was achieved under microaerophilic atmosphere 
generated by AnaeroPack-MicroAero in gas-tight containers at 42oC for 18-19 h. 
 
ATR of biocide-adapted and non-adapted cells to environmental stresses 
For heat stress, the 1 ml overnight cultures of non-adapted cells and cells adapted to 
biocides were resuspended in 9 ml Bolton broth preheated to 55oC. The samples were placed 
into a water bath, to shift from 42oC to 55oC for 0, 3, 6, 9, 12, and 15 min. After heating, the 
cultures were immediately cooled in water mixed with ice at least 5 min to stop any further 
heat stress. The experiment was performed in duplicate on separate days. 
For starvation stress, the 100 µl overnight cultures of non-adapted cells and cells 
adapted to biocides were resuspended in 10 ml PBS and incubated for 0, 12, 24, 36, 48, 60, 
and 72 h at 42oC under microaerophilic condition. The experiment was performed in 
triplicate on separate days. 
For enumeration, the cultures were serially diluted and inoculated on CCDA plates. 
The plates were incubated at 42oC for 48 h under microaerophilic condition and determined 
for CFU. 
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D-value calculation and statistical analysis 
D-value or decimal reduction time is the time required to kill 90% of 
microorganisms. D-values were calculated to assess stress tolerance of the bacteria adapted 
to biocides. The log10 values for surviving cell numbers were plotted against the time of 
stress exposure. The slope of the survival curves were obtained using linear regression 
analysis and used to calculate D-values using equation: D = -1/slope. Significant difference 
among D-values was tested by analysis of variance (ANOVA) by the general linear model 
using IBM® SPSS Statistic software version 21.0. Mean separations were obtained using 
Duncan’s multiple-range test. Significance was determined at the 5% level (P < 0.05). 
 
Isolation of total RNA 
The TSP-adapted and non-adapted cells of C. jejuni were grown overnight in 
Bolton broth containing 0.5×MIC TSP solutions and biocide-free Bolton broth, respectively, 
at 42oC and exposed to heat and starvation stresses. For heat stress, the 40 ml overnight 
cultures of non-adapted cells and TSP-adapted cells were divided to 5 ml aliquots. Each 
aliquot was suspended in 5 ml Bolton broth preheated to 55oC. The samples were placed into 
a water bath at 55oC for 3 min and cooled down in water mixed with ice. For starvation 
stress, the 200 µl overnight cultures of non-adapted cells and TSP-adapted cells were 
suspended in 20 ml PBS and incubated for 30 h at 42oC under microaerophilic condition. At 
3 min for heating and 30 h for starvation, all of the heated cultures and the starved cultures 
were centrifuged at 15000 x g for 5 min to collect the bacterial cells. The bacterial pellet was 
suspended in 100 µl 1× TE buffer and lysozyme (15 mg ml-1). After incubation on room 
temperature for 10 min, the bacterial suspension was lysed by adding 350 µl RLT buffer 
from RNeasy Mini Kit (Qiagen). RNA was extracted using RNeasy Mini Kit and QIAcube 
instruments, according to manufacturers’ instructions. Total RNA isolated was quantified 
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using a Malcom e-spect spectrophotometer and stored in an –80°C freezer until further 
analysis. 
 
RNA sequencing and data analysis 
RNA-Seq (RNA next-generation sequencing) was performed on the Illumina 
HiSeq 2000 system. Over 3 million read sequences (3,539,145 reads in non-adapted cell 
exposed to heat; 3,066,156 reads in TSP-adapted cell exposed to heat; 3,520,799 reads in 
non-adapted cell exposed to starvation; 3,388,424 reads in TSP-adapted cell exposed to 
starvation) were mapped with the C. jejuni NTCT11168 reference sequence by using 
TopHat software (Trapanell et al., 2009). Then, the number of open reading frames (ORFs) 
overlapping were counted using BEDTools (Quinlan and Hall, 2010). To quantify gene 
expression, the number of reads in each ORFs were used for calculating RPKM value, as the 
number of reads which map per kilobase of exon model per million mapped reads, according 
to the following equation:  
 
Then, to examine the difference of gene expression levels among stress 
conditions, principal component analysis (PCA) was calculated from RPKM values of each 
condition using the R software (R Core Team, 2014). The PCA value of more than 0.7 
indicates the differential gene expression between conditions. Finally, the Student's t-test 
was performed for statistical analyses, where genes exhibiting a fold change ≥ 2.0 and p-
value < 0.05 were considered differentially expressed. The significantly expressed genes 
were classified by functional categories according to the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database. 
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4.3 Results and discussion 
4.3.1 Sensitivity of biocide-adapted C. jejuni to heat stress 
In the transmission from farm to fork in poultry processing, C. jejuni most likely 
encounters high-temperature stress, for instance, hot water or steam treatment in the 
slaughterhouse (Boysen and Rosenquist, 2009; James et al., 2007). During heat treatment at 
55oC, the significant increase in the sensitivity of biocide-adapted cells to heat stress was 
observed, especially in AC-adapted cells (Figure 4.1 and Table 4.1). At the first 3 min of 
the heat treatment, cells adapted to AC were most greatly affected and decreased on 
average by 3 log CFU/ml, whereas cells adapted to other biocides and non-adapted cells 
were reduced not over 1 log CFU/ml. Cells adapted to AC were completely eradicated at 6-
min heating, followed by TSP-adapted cells at 12 min, Biocide 1- and Biocide 2-adapted 
cells at 15 min, and SH-adapted cells at 18   min. None of cells adapted to biocides 
survived heat stress at 55oC until 18-min time point, while non-adapted cells were counted 
for 4.65 ± 0.3 log CFU/ml at the termination of the heat exposure at 18 min. The D-values 
for non-adapted cells and biocide-adapted cells are presented in Table 4.1. All D-values of 
biocide-adapted cells were significantly lower (2.0 - 5.2 fold) than those of non-adapted 
cells (5.24 min) (P < 0.05). The lowest D-value was found in cells adapted to AC (1.00 
min), followed by cells adapted to TSP (1.74 min). Among D-values of biocide-adapted 
cells, D-values of cells adapted to SH (2.54 min), Biocide 1 (2.51 min), and Biocide 2 (2.66 
min) were not significantly different.  
Contrary to biocide-induced ATR to heat stress in many food-borne pathogens 
(Chaing and Chou, 2009; Sampathkumar et al., 2004; Taormina and Beuchat, 2001), C. 
jejuni could not develop an ATR to heat stress (at 55oC) after adaptation to biocides. These 
results suggest that a combination of biocide and heat treatment produces synergistic 
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bactericidal effect on C. jejuni, which resulting in a considerable decrease in C. jejuni 
survival.   
  
4.3.2 Biocide-induced ATR in C. jejuni to nutrient starvation stress  
C. jejuni adapted to biocides (TSP, AC, and SH) acquired an ATR that lengthened 
the survival time in the starvation condition. At 36 h, biocide-adapted cells obviously 
showed an ATR difference in survival over the non-adapted cells. Interestingly, in contrast 
to heat stress, the ATR of AC-adapted cells to survive starvation stress was most greatly 
increased over the non-adapted cells and cells adapted to other biocides after 48 h (Figure 
4.2). Non-adapted and Biocide 2-adapted cells were completely eliminated at 48 h, 
followed by Biocide 1-adapted cells at 60 h, and TSP- and SH-adapted cells at 72 h. Only 
AC-adapted cells retained the enhancement in survival until the termination of starvation 
exposure at 72 h and were still enumerated for 4.62 ± 0.6 log CFU/ml. The D-values for 
non-adapted cells and biocide-adapted cells in starvation stress are presented in Table 4.1. 
The D-values of cells adapted to TSP, AC, and SH were significantly higher (P < 0.05) 
than those of non-adapted cells. Apparently, the highest D-value was observed in AC-
adapted cells at 51.38 h, which was 7-fold greater than the D-value of non-adapted cells at 
7.45 h. The D-values of TSP-adapted (18.63 h) and SH-adapted (19.84 h) cells were 2.5-
fold and 2.7-fold higher than those of non-adapted cells. The D-values of cells adapted to 
Biocide-1 (9.84 h) and Biocide-2 (11.26 h) were not statistically different from those of 
non-adapted cells (P > 0.05). 
C. jejuni can be subjected to starvation on environmental and product surfaces 
during poultry processing and product storage (Bui et al., 2012; Ma et al., 2009). The ATR 
of this pathogen found in this research may be related to the pathogenesis of C. jejuni. The 
increased survival capability of biocide-adapted C. jejuni to starvation stress indicated a 
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possibility of increased survival of adapted isolates in environment and the food product. 
This could be considered as a potential factor in allowing sufficient cells to survive and 
cause disease in humans (Murphy et al., 2003). 
 
4.3.3 Whole genome expression profile of TSP-adapted C. jejuni exposed 
to heat stress 
  The total gene expression profile of TSP-adapted cells after exposure to heat was 
compared with those of non-adapted cells exposed to heat. Altogether 1,675 ORFs were 
detected with different fold changes. A total of 148 genes were identified to be significantly 
differentially regulated by ≥ 2.0-fold (with 95% confidence). This is accounted for 8.8% of 
the total of detected ORFs. One hundred-thirty genes or 87.8% of the significantly 
transcribed genes were down-regulated with the relative gene expression level up to 5.7-
fold change, while 18 genes, accounted for 12.2%, were up-regulated with the relative gene 
expression level up to 7.3-fold change. Figure 4.3 presents a summary of the number of 
differentially expressed genes classified by functional categories. The functions of cell 
envelop and cellular processes are in columns 1-7. The functions of central intermediary 
metabolism are in columns 8-12. The functions of information pathways are in columns 13-
15. In addition, degradation of macromolecules, other cell processes, and unknown 
function are in columns 16-18, respectively.  
In figure 4.3A, many genes (20.3%, 30 from 148 genes) obviously observed 
were encoded for proteins of unknown function (column 18). The significance of their 
differential expression is impossible to interpret until these genes and their products have 
been further characterized, thus displaying the limitations in understanding biocide-adapted 
C. jejuni response to the environmental stress. For genes of known function, exposure of 
TSP-adapted cells to heat elevated only some genes mostly sorted into the category of cell 
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envelop and cellular processes. A gene Cj0020c, characterized as cytochrome C551 
peroxidase to function in detoxification of hydrogen peroxide in the periplasmic space of 
bacteria (Atack and Kelly, 2007), showed the most up-regulation (7.3-fold). The main 
finding was the down-regulation of genes expressed in TSP-adapted cells exposed to heat. 
Those encoding proteins involved in transport and binding proteins and lipoproteins 
(16.2%, column 2, figure 4.3A), amino acid metabolism (10%, column 9, figure 4.3A), and 
electron transport chain and ATP synthase (9.2%, column 4, figure 4.3A) were among the 
most down-regulated genes. The most highly down-regulated genes were atpG (5.7-fold, 
Cj0106) and gyrB (5.1-fold, Cj0003). The atpG gene encoding an ATP synthase subunit 
gamma, functions in production of adenosine triphosphate (ATP), an important coenzyme 
in intracellular energy transfer (Campbell et al., 2006). The gyrB gene, which encodes a 
DNA gyrase subnit B, functions in relaxation of supercoiled DNA. DNA conformation can 
be affected by temperature and other physical parameters. DNA gyrase allows bacteria to 
maintain balance and proper superhelical conformation density of the chromosome required 
for replication, repair and gene function (López-García, 1999).  
This observation is in agreement with findings from Ruan et al. (2011), who 
found that the survival of a heat-resistant Eschericia coli strain at lethal temperatures was 
significantly affected by the supply of amino acids or peptides, the composition of 
membrane lipids and solute transport proteins. In addition, they also observed that the 
increase in heat resistance upon the expression of membrane transport proteins in the 
bacteria was greater than the increase in the induction of a heat shock response (Guyot et 
al., 2010). Therefore, in this study, the down regulation of genes responsible for these 
functions in TSP-adapted cells may reflect the sensitivity of TSP-adapted cells to the heat 
stress. Moreover, the differential expression of a heat shock response of C. jejuni such as 
groEL, groES, dnaj, grpE, hrcA (Park, 2000), which should be in the first line response, 
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was not detected between TSP-adapted and non-adapted cells exposed to heat. In the study 
of Klančnik et al. (2006) using quantitative real-time PCR analysis presents that at least 10-
20 min of heat shock (55oC) was necessary to evidently increase the amount of groEL 
transcripts. Thus, no differential detection of the heat shock gene expression in this study 
may be the fact that the heat shock gene transcription had not been induced at 3 min of 
55oC, or the heat shock gene transcription was not affected by TSP adaptation of the cells. 
The study of Stintzi (2003) presents that, between the two growth temperature conditions, 
C. jejuni is able to gradually adapt the gene expression level to a new steady state at a 
higher temperature, which allows the bacteria to survive in the new temperature. However, 
this ability was not observed in C. jejuni adapted to TSP in this study. 
The expression of virulence-related genes of TSP-adapted C. jejuni exposed to 
heat were detected to be significantly repressed in 10 genes and increased in only 1 gene, 
compared to those of non-adapted cells exposed to heat. This observation suggested that 
adaptation of C. jejuni to TSP or to a biocide not only decreased bacterial survival, but also 
its pathogenicity. The decrease in potential virulence factors included in flagella proteins 
and intracellular toxins, while the increase was detected in the expression level of a gene 
encoding cytochrome C551 peroxidase for function in colonization (Table 4.2).  
Flagellar proteins 
A ﬂagellum consists of three parts: a basal body embedded in the cell membrane 
(flagellar motor), a hook that connects the basal body to the filament, and a filament that 
functions as a propeller (Duan et al., 2013). Flagella have been generally regarded as 
important virulence factors, mainly because of their motility property that enables 
movement and chemotaxis. In addition to motility, flagella also participate in many 
processes including adhesion, bioﬁlm formation, virulence factor secretion, and host cell 
invasion (Haiko and Westerlund-Wikström, 2013; Tomich et al., 2002). In this study, 7 
	   82 
flagella genes were down regulated from 2.0 to 3.1-fold change (Table 4.1): filK, flgD, 
flgE encoding flagellar hook proteins; fliY, fliM encoding flagellar motor proteins; fliA, 
flhF encoding flagellar biosynthesis regulators.  
Toxin genes 
The cytolethal distending toxin (CDT) is one of the main virulence factors 
related to Campylobacter spp. pathogenesis in humans and animals. It causes diarrhea by 
interfering with the differentiation of cells in intestinal crypts and is responsible for a toxin-
induced increase in intestinal fluid secretion (Park, 2002; Talukder et al., 2008). The toxin 
activity is encoded by the cdt gene cluster, consist of 3 adjacent genes: cdtA, cdtB and 
cdtC. All the three subunits, which are required for full toxin activity (Martinez et al., 
2006), were detected to be decreased from 2.0 to 2.5-fold change after exposure of TSP-
adapted cells to heat (Table 4.1). 
Colonization 
The expression of docA gene encoding cytochrome c551 peroxidase (CCP) was 
the only virulence-related gene that significantly considerably increased with 7.3-fold 
change. Bacterial CCPs are periplasmic proteins that reduce potentially toxic hydrogen 
peroxide compounds to water (Atack and Kelly, 2007). However, docA found to have a 
physiological role for bacteria in colonization that are not related in promoting resistance to 
hydrogen peroxide (Bingham-Ramos and Hendrixson, 2008). In the study of Hendrixson 
and DiRita (2004), they found 10- to 105-fold-higher bacterial loads in the ceca of chickens 
at 7 days post-infection of wide-type C. jejuni compared to those of chickens infected with 
docA mutant strain. 
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4.3.4 Whole genome expression profile of TSP-adapted C. jejuni exposed 
to starvation stress 
In total, 312 genes were identified to be differentially regulated by ≥ 2.0-fold 
(with 95% confidence). This represents 18.6% of the 1,675 detected ORFs in C. jejuni. A 
total of 93.9% (293 out of 312 genes) of the differentially expressed genes were up-
regulated with the relative gene expression level up to 9.2-fold change, and 6.1% (19 out of 
312 genes) were down-regulated with the relative gene expression level up to 3.8-fold 
change. In figure 4.3B, 19.6% (61 from 312 genes) of the differentially expressed genes 
were encoded for proteins of unknown function (column 18). For genes of known function, 
the main findings were the up-regulation of genes with various functions. Genes classified 
in a group of transport and/or binding proteins and lipoproteins (16.0%) were the most 
noticeably observed among the significantly elevated genes, followed by groups of genes 
associated with metabolism of coenzymes and prosthetic groups (7.8%) and protein 
synthesis (7.5%). There are several studies in different bacteria that report the strong 
induction of transcript level of transporter genes due to nutrient limitation (Hua et al., 2004; 
Poole, 2012; Watson et al., 1998). This indicates the possibility of accelerated transport of 
essential materials for cell function and survival. In the study of Cappelier et al. (2000), the 
ability of C. jejuni cells to survive in starvation conditions is proved to be the result of a 
starvation protein synthesis that improved the nutrient assimilation. The starvation proteins 
make the cell much more resistant to damage. Some increase peptidoglycan crosslinking 
and cell wall strength. The DNA-binding proteins from starved cells prevent DNA damage 
during exposure to severe environmental assaults (ex. nutritional deprivation) (Karas et al., 
2015). Therefore, the up-regulation of genes involved in these reactions in TSP-adapted 
cells may be the reason why TSP-adapted cells were much more tolerant to nutrient-limited 
condition than the non-adapted cells.  
	   84 
In addition to gene-specific up-regulation, the most expression changes were 
detected in a gene Cj0250c encoding MFS transport protein (9.2-fold change) and a serS 
gene encoding serine-tRNA ligase (6.9-fold change). The major facilitator superfamily 
(MFS) is one of the largest groups of active transporter proteins found in all kingdoms of 
life. MFS proteins selectively transport a wide spectrum of substrates across membranes 
and play an important role in multiple physiological processes (Yan, 2013). A serine-tRNA 
ligase catalyzes L-serine to synthesize L-seryl-tRNA, which involved in the pathways of 
gene expression and tRNA aminoacylation (the attachment of the appropriate amino acid 
onto the tRNA) (Härtlein and Cusack, 1995). 
 Nutrient limitation was the most powerful stress factor that significantly affected 
C. jejuni culturability and viability, as well as, adhesion and invasion properties 
(Mihaljevic et al., 2007). However, our results indicated that the starved cells became more 
virulent when previously adapted to TSP. Table 4.3 presents a total of 29 genes 
significantly up-regulated that involved in bacterial pathogenicity and survival in stressful 
environments. The detected virulence genes have annotated functions involving flagellar 
biosynthesis and motility, chemotaxis, adherence, colonization, C. jejuni toxins, and protein 
secretion system. In addition, the genes involved in antimicrobial resistance, oxidative 
stress, and heat shock contributed to these stress responses, allowing this fastidious 
pathogen to adapt to various environmental conditions. 
Flagellar biosynthesis and motility 
Among the 29 elevated virulence genes, 11 genes were related to flagellar 
proteins. These includes genes involved in the regulation of flagellar synthesis and 
assembly [flhF (2.1-fold), Cj0667 (3.8-fold), Cj0668 (3.4-fold), Cj0669 (2.3-fold), fliH 
(2.2-fold)], flagellar hook [(flgE (2.5-fold), fliD (2.1-fold)], rotary motor at the flagellar 
base [fliN (2.3-fold)] and flagellar basal body [flgH (3.9-fold), flgG2 (3.3-fold), flgG (2.8-
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fold). Since formation of the polar flagella to impart swimming motility is often an 
essential determinant for C. jejuni to infect hosts or reside in an environmental niche, 
flagella have been generally regarded as important virulence factors. Flagella aid 
Campylobacter to move through the mucus layer of intestinal tract and contribute to 
colonization and invasion in animals and humans (Guerry, 2007; Nachamkin et al., 1993). 
Non-motile mutant of C. jejuni is unable to colonize the gastrointestinal tract and 
subsequently is unable to produce a diarrheal disease in human volunteers (Black et al., 
1988). Although the intestinal colonization of C. jejuni in an agriculturally important 
animal such as poultry is harmless (Hendrixson, 2008; Wosten et al., 2004), this may lead 
to large reservoirs of the bacteria in the environment and the human food supply (Friedman 
et al., 2004). Thus, the increase in flagella gene expression, which promotes flagellar 
synthesis and motility, may increase the risk of C. jejuni infection in humans.  
Chemotaxis gene 
The expression of chemotaxis gene cheV was increased with 2.1-fold change. 
Chemotaxis is the signal processing of flagellated bacteria to direct their movement to sites 
of most favourable living conditions, where there are the highest concentrations of energy 
sources and the lowest amounts of bacterioxin substances (Zautner et al., 2012). Thus, the 
increase of CheV proteins could promote motility efficiency for colonization. 
Adherence 
The expression of pspA gene encoding a pilus-synthesis protease was elevated to 
2.6-fold. Bacterial pili contributes the virulence factor as a result of many roles in bacterial 
cell aggregation, adhesion to surfaces of host cells, the linings of the intestine, biofilm 
formation, DNA uptake, and a special form of bacterial cell movement, known as twitching 
motility (Proft and Baker, 2009). In C. jejuni, in vivo studies revealed that pspA mutant 
showed reduction of the pathogenicity in animal infection, while in vitro results presented 
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that pili played no role in the bacterial adherence or invasion of intestinal epithelial cells 
(Doig et al., 1996). 
Colonization 
The colonization-associated genes docA (2.0-fold), Cj0358 (2.4-fold), and 
Cj0456c (2.0-fold) were up-regulated during the starvation of TSP-adapted cells. The gene 
docA and Cj0358 encode cytochrome c551 peroxidase (CCPs). However, regardless of 
their characteristics of CCPs that reduces potentially toxic hydrogen peroxide compounds 
to water, they likely performs physiological functions for C. jejuni in colonization and do 
not appear to have a role related to resisting oxidative stress (Bingham-Ramos and 
Hendrixson, 2008; Hendrixson and DiRita, 2004). Bingham-Ramos and Hendrixson (2008) 
presents that a docA mutant strain of C. jejuni displays a decrease in colonization up to a 
10,000-fold, whereas the Cj0358 mutant strain shows 50-fold decreased colonization. 
For the gene Cj0456c, it encodes a hypothetical protein that has been identified 
in requiring for efficient chicken colonization. Mutation of Cj0456c can reduce caecal 
colonization of C. jejuni 81–176 approximately 100-fold (Hendrixson and DiRita, 2004). 
Toxin genes 
The cytolethal distending toxin (CDT) is the best characterised of the proposed 
Campylobacter toxins,	   which has been detected in several Campylobacter spp. (Park, 
2002). Comparing with starved non-adapted cells, the cdtB gene was detected to be 
elevated to 2.6-fold change in the starved TSP-adapted cells. In cooperation with the 
proteins of genes cdtA and cdtC, the protein produced by gene cdtB (CdtB) enters the cell 
nucleus and exhibits a DNase-I like that results in DNA double-strand breaks, which lead 
to cell cycle block, cell distention, and ultimately cause cell death (Jeon et al., 2005; Smith 
and Bayles, 2006). Full cellular toxicity requires the function of all three genes (cdtA, cdtB, 
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and cdtC) (Martinez et al., 2006), however, significant expression was detected only in the 
cdtB gene in this study. 
Besides the cdtB, a gene Cj0399 (2.1-fold) encoding the protein related to the 
production of colicin V (Col V) was found significantly up-regulated. The Col V is a type 
of bacterioxin, which inhibits bacterial growth by disrupting the membrane potential of 
sensitive target cells (Blanco et al., 1997). As such, Col V has an important role as a toxin 
against certain sensitive organisms and a role in enhancing bacterial survival in a mixed 
population. In E. coli, Col V provides virulence factors that enhance the pathogenicity of E. 
coli by a competitive advantage in colonization in the chicken gut (Waters and Crosa, 
1991). In Salmonella enterica, ColV-containing strain has ability to colonize specific-
pathogen-free chickens better than ColV-lacking strain (Johnson et al., 2010). 
Protein secretion 
The expression of tatC (2.0-fold) gene encoding twin-arginine tanslocase (TAT) 
and Cj0379c (2.5-fold) gene encoding TAT translocated molybdo-enzyme were detected to 
be elevated. The twin arginine translocation (TAT) system is one of the factors necessary 
for Campylobacter stress-survival and successful colonization. The TAT system transports 
proteins folded in the cytoplasm across the periplasmic membrane (Rajashekara et al., 
2009). When the TAT secretion system is inhibited, the tatC-lacking C. jejuni showed the 
reduction of biofilm formation, motility and flagellation and was defective in survival 
under oxidative and starvation stresses. Also a cj0379c-lacking isolate was deficient in 
chick colonization (Hitchcock et al., 2010). 
Multidrug efflux pump 
The cmeA (2.4-fold), cmeB (2.0-fold), and cmeC (2.0-fold) genes coding for the 
efflux pump proteins were upregulated. The CmeABC efflux pump consists of CmeA, a 
periplasmic fusion protein; CmeB, an inner membrane drug transporter; and CmeC, an 
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outer membrane protein. The CmeABC pump excretes a variety of substances and 
contributes Campylobacter to resist to a broad range of antimicrobial agents and bile salts 
present in the intestinal environment (Lin et al., 2002; Lin et al., 2003). CmeABC is proved 
to support bile resistance of C. jejuni which facilitating the adaptation to the intestinal tract, 
and is important for the ability of C. jejuni to colonize chickens (Lin et al., 2003).  
The Cj0561c gene encoding a putative periplasmic protein was also found to be 
upregulated with 2.2-fold. It plays a moderate role in antimicrobial resistance of C. jejuni 
and contributes to the adaptation in the intestinal environment (Guo et al., 2008). 
Oxidative stress response 
The sodB (2.0-fold) gene encoding superoxide dismutase and perR (2.4-fold) 
gene encoding peroxide-sensing regulon were upregulated. Both factors are well known to 
mediate oxidative stress resistance in C. jejuni and have been shown to be important 
virulence factors in many pathogens (Day et al., 2000; Palyada et al., 2009). C. jejuni is a 
microaerophilic pathogen and thus requires reduced oxygen levels for its growth. 
Campylobacter need the mechanisms facilitating the removal of reactive oxygen species 
such as superoxide anions (O2-) and hydrogen peroxide (H2O2), which are the toxic 
products from incomplete reduction of oxygen by itself or be induced by the chick immune 
system (Atack and Kelly, 2009). These toxic products give damage effects on 
macromolecules in bacteria, such as DNA, membranes, and proteins (Imlay, 2003). 
Heat shock response 
Two genes clpP (2.1-fold), clpX (3.1-fold) encoding ATP-dependent protease 
and a gene htpG (2.1-fold) encoding high temperature protein were elevated, found to be 
involved in invasion and colonization at high temperature (Cohn et al., 2007). 
Environmental changes lead to the production of nonnative, misfolded proteins, which tend 
to unfold and form toxic protein aggregates (Schirmer et al., 1996). The bacteria respond 
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by increasing the synthesis of the chaperone proteins Htp and proteases, which play 
important roles in bacterial survival by either refolding or degrading stress-damaged 
proteins in the cytoplasm of the bacteria (King et al., 2014). Cohn et al. (2007) found that 
the clpP mutant showed reduced motility. 
  
4.3 Conclusion 
Adaptation to all five biocides did not induce cross-protection to following heat 
exposure, but produce synergistic bactericidal effect on C. jejuni, which resulting in a 
considerable decrease in C. jejuni survival. The heat shock response of the biocide-adapted 
C. jejuni involves the down-regulation of most significantly expressed genes, including the 
virulence-related genes involving C. jejuni motility and toxins. On the contrary, TSP-, AC-, 
and SH-adapted C. jejuni resist to further starvation stress much better than non-adapted 
cells do. The gene expression of starved biocide-adapted cells is significantly up-regulated, 
especially the genes functioning transport processes. The up-regulation of virulence genes 
in starved biocide-adapted cells associate with numerous virulence factors and stress 
responses, such as flagellar motility, chemotaxis, adherence, colonization, toxins, protein 
secretion, multidrug efflux pump, oxidative stress, and heat shock response. Biocide-
induced cross-protection against nutrient starvation has the potential to enhance not only C. 
jejuni survival on foods or in food-processing environments, but also the bacterial 
pathogenicity. Storage of food containing biocide-adapted C. jejuni (especially the adapted 
to TSP, AC, and SH) may permit growth and increased risk of illness. The investigation on 
the changes in genomic levels contributing to the biocide-induced cross-protection or the 
biocide-induced sensitivity provides a greater understanding of the phenomenon. 
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FIGURE 4.1 Effect of biocide adaptation on the sensitivity of C. jejuni to heat stress. 
The figure shows survival plot of biocide-adapted and non-adapted cells after being 
heated at 55oC in Bolton broth medium. The data are presented as the mean log10 
CFU/ml and error bars indicate standard deviation from the means. 
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FIGURE 4.2 Adaptive tolerance response induced by nutrient starvation in C. jejuni. 
The figure shows survival plot of biocide-adapted and non-adapted cells after being 
starved in PBS. The data are presented as the mean log10 CFU/ml and error bars 
indicate standard deviation from the means.  
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FIGURE 4.3 Differentially expresses genes grouped by functional classification. The 
bars represent the number of genes which expression increased or decreased, 
compared with those of non-adapted cells exposed to the same stress. Columns: 1, cell 
envelop (membrane proteins); 2, transport proteins (including periplasmic proteins), 
binding proteins and lipoproteins; 3, signal transduction; 4, membrane bioenergetics 
(electron transport chain and ATP synthase); 5, mobility and chemotaxis; 6, protein 
secretion; 7, cell division; 8, metabolism of carbohydrates and related molecules; 9, 
metabolism of amino acids and related molecules; 10, metabolism of nucleotides and 
nucleic acids; 11, metabolism of lipids; 12, metabolism of coenzymes and prosthetic 
groups; 13, DNA replication and repair; 14, RNA synthesis and modification; 15, 
protein synthesis and modification; 16, degradation of macromolecules; 17, other cell 
processes; 18, unknown function.  
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TABLE 4.1 The D-values for non-adapted cells and biocide-adapted cells of C. jejuni 
during heat (55oC) and nutrient starvation stresses 	  
Culture D-value (min) during heat stress  
D-value (hour) during 
starvation stress 
Non-adapted cell 5.24D 7.45A 
TSP-adapted cell 1.74B 18.63B 
AC-adapted cell 1.00A 51.38C 
SH-adapted cell 2.54C 19.84B 
Biocide 1-adapted cell 2.51C 9.84A 
Biocide 2-adapted cell 2.66C 11.26AB 
The D-values in the same column with no letters in common are significantly 
different (P < 0.05). 	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TABLE 4.2 Virulence-related gene expressions in TSP-adapted C. jejuni exposed to heat, compared with those of non-adapted cells 
 
 
  Gene ID Gene Fold change Gene product or function Reference 
Motility and 
invasion 
Cj0041 fliK -2.3 Flagellar hook-length control protein Waters et al., 2007 
Cj0042 flgD -2.0 Flagellar hook assembly protein 
Malik-Kale et al., 2007 Cj0043 flgE -2.0 Flagellar hook protein 
Cj0059c fliY -2.0 Flagellar motor switch protein 
Cj0060c fliM -2.0 Flagellar motor switch protein Gundogdu et al., 2007 
Cj0061c fliA -2.0 Flagellar biosynthesis RNA polymerase sigma factor Fernando et al., 2007 
Cj0064c flhF -3.1 Flagellar biosynthesis regulator Malik-Kale et al., 2007 
Toxins 
Cj0077c cdtC -2.5 Cytolethal distending toxin C 
Schulze et al., 1998 Cj0078c cdtB -2.1 Cytolethal distending toxin B 
Cj0079c cdtA -2.0 Cytolethal distending toxin A 
Colonization Cj0020c docA 7.3 Cytochrome C551 peroxidase Parkhill et al., 2000 
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TABLE 4.3 Virulence-related gene expressions in TSP-adapted C. jejuni exposed to starvation, compared with those of non-adapted cells 
 
  Gene ID Gene Fold change Gene product or function 
Additional functional  
description Reference 
Motility and 
invasion 
Cj0043 flgE 2.5 Flagellar hook protein   
Malik-Kale et al., 2007 
Cj0064c flhF 2.1 Flagellar biosynthesis regulator  
Cj0320 fliH 2.2 Flagellar assembly protein  
Cj0351 fliN 2.3 Flagellar motor switch protein  
Cj0548 fliD 2.1 Flagellar hook-associated protein  Konkel et al., 2004 
Cj0667 - 3.8 S4 domain-containing protein Flagella biosynthesis 
Malik-Kale et al., 2007 
Cj0668 - 3.4 ATP/GTP-binding protein Flagella biosynthesis 
Cj0669 - 2.3 ABC transporter ATP-binding protein Flagella biosynthesis 
Cj0687c flgH 3.9 Flagellar basal body L-ring protein  
Cj0697 flgG2 3.3 Flagellar basal-body rod protein  Gundogdu et al., 2007 
Cj0698 flgG 2.8 Flagellar basal body rod protein   Malik-Kale et al., 2007 
Chemotaxis Cj0285c cheV 2.1 Chemotaxis protein   Gundogdu et al., 2007 
Adherence Cj0068 pspA 2.6 Pilus-synthesis protease  Doig et al., 1996 
Colonization 
Cj0020c docA 2.0 Cytochrome C551 peroxidase  
Parkhill et al., 2000 Cj0358 - 2.4 Cytochrome C551 peroxidase   
Cj0456c - 2.0 Hypothetical protein Cj0456c  
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TABLE 4.3 (Continued) 
 
  Gene ID Gene Fold change Gene product or function Additional functional description Reference 
Toxins 
Cj0078c cdtB 2.6 Cytolethal distending toxin B   Schulze et al., 1998 
Cj0399 - 2.1 Colicin V production protein Proteinaceous bacterial toxin Parkhill et al., 2000 
Protein 
secretion 
Cj0379c - 2.5 TAT translocated molybdo-enzyme Twin-arginine translocase (TAT) 
secretion system 
Hitchcock et al., 2010 
Cj0578c tatC 2.0 Twin-arginine translocase (TAT) Rajashekara et al., 2009 
Multidrug 
efflux pump 
Cj0365c cmeC 2.0 Multidrug efflux transporter 
Excretion of toxic compounds 
Jeon et al., 2011 Cj0366c cmeB 2.0 Multidrug efflux transporter 
Cj0367c cmeA 2.4 Multidrug efflux transporter 
Cj0561c - 2.2 Periplasmic protein Guo et al., 2008 
Oxidative 
stress response 
Cj0169 sodB 2.0 Superoxide dismutase 
Detoxification of reactive oxygen 
species 
Day et al., 2000 
Cj0322 perR 2.4 Peroxide-sensing regulon Palyada et al., 2009 
Heat shock 
response 
Cj0192c clpP 2.1 Clp protease proteolytic subunit Degradation of the stress damaged 
proteins 
Hlavacek and Vachova, 
2002 
Cj0275 clpX 3.1 Protease ATP-binding subunit Cohn et al., 2007 
Cj0518 htpG 2.1 Chaperone protein Cellular response to DNA damage stimulus 
Kandror and Goldberg, 
1997  	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Chapter 5 
 
 
Overall conclusions 
 
In the present research, MLVA method coupled with capillary electrophoresis was 
successfully developed as a novel typing method for source tracking and epidemiological 
investigation of C. jejuni. MLVA has been used as a valuable tool for subtyping many 
significant foodborne pathogens, but not in C. jejuni. MLVA is easy to perform at low costs, 
offering rapid typing with high discriminatory power and moderate expertise required. The 
challenge in developing of MLVA for C. jejuni is that the nature of its genome sequence has 
a limited copy number of the TR. Thus, up to 12 completed genomic sequences of the C. 
jejuni strains were used to search for the possible polymorphic TR loci. Among 36 different 
TR loci selected, 7 VNTR loci were found to be polymorphic and have provided sufficient 
discriminatory power for determining the MLVA profile. The MLVA with 7 VNTR loci was 
validated with the C. jejuni isolates collected from the broiler farms and a poultry-processing 
factory and compared its efficiency with MLST. The MLVA with 7 VNTR loci provided 
similar (slightly higher) discriminatory power to MLST and was relatively concordant with 
MLST. Besides the purpose of cost and time reduction, the MLVA developed in this research 
was developed to facilitate laboratories that do not equipped with a DNA sequencer to 
perform the analysis, such as the laboratories in food factories. Although MLVA method in 
this research might not replace MLST, MLVA could be used as a pre-screening method 
before employment of MLST for analyzing a large population of C. jejuni.  
Following the purpose of eliminating C. jejuni colonization in the poultry 
production, the concerns on bacterial persistence have been raised. The second objective of 
the present research was to investigate the effect of biocide adaptation on C. jejuni biofilms as 
a potential risk factor for persistent contamination, as well as those effects on antibiotic cross-
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resistance. After adaptation to increasing sublethal concentrations of the biocides, C. jejuni 
exhibited acquired tolerance to all 5 biocides used in this research. The adaptation affects 
changes in the biofilm structures and both negatively and positively affects the biofilm 
formation of C. jejuni. Comparing with non-adapted cells, most adaptations influence 
stronger surface-adhesion strength of C. jejuni biofilms, despite their ability to form the 
biofilms. The possible link involved in biocide and antibiotic resistance has raised concerns 
on the impact of the use of biocides in the food industry on the prevalence and spread of 
antimicrobial resistance in the food chain. The results in this research showed that the 
adaptation of C. jejuni to Biocide 2, a commercial alkaline biocide, induced the cells resistant 
to streptomycin and kanamycin (aminoglycoside antibiotics), while adaptation to TSP, AC, 
SH, and Biocide 1 caused intermediate susceptible to kanamycin. These findings suggest that 
the proper use of biocides is crucial for preventing the development of bacterial tolerance to 
biocides and reducing a risk factor for bacterial persistence.  
Further investigations on biocide-induced tolerance of C. jejuni against unrelated 
environmental stresses in the poultry processing revealed biocide-induced heat sensitivity 
and nutrient-starvation tolerance in C. jejuni. Biocide-induced cross-protection of C. jejuni 
against nutrient starvation involves the up-regulation of most expressed genes and has the 
potential to enhance not only C. jejuni survival on foods or in food-processing 
environments, but also its pathogenicity. Storage of food containing biocide-adapted C. 
jejuni (especially to TSP, AC, and SH) may permit growth and increase risk of illness.  
Overall data obtained from this research will provide a useful tool and crucial 
information on the designation of decontamination procedures to obtain effective reduction 
of C. jejuni in the poultry production. Moreover, understanding of bacterial adaptation to 
biocides, which may create a potential risk factor for persistent contamination, should create 
consciousness on the appropriate use of biocides in food factory. 
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